The Speciation of Dissolved Uranium in Marine Waters by Mann, Darrin Kent
Old Dominion University 
ODU Digital Commons 
OES Theses and Dissertations Ocean & Earth Sciences 
Spring 1994 
The Speciation of Dissolved Uranium in Marine Waters 
Darrin Kent Mann 
Old Dominion University 
Follow this and additional works at: https://digitalcommons.odu.edu/oeas_etds 
 Part of the Environmental Sciences Commons, and the Geochemistry Commons 
Recommended Citation 
Mann, Darrin K.. "The Speciation of Dissolved Uranium in Marine Waters" (1994). Doctor of Philosophy 
(PhD), Dissertation, Ocean & Earth Sciences, Old Dominion University, DOI: 10.25777/gp8e-sk64 
https://digitalcommons.odu.edu/oeas_etds/143 
This Dissertation is brought to you for free and open access by the Ocean & Earth Sciences at ODU Digital 
Commons. It has been accepted for inclusion in OES Theses and Dissertations by an authorized administrator of 
ODU Digital Commons. For more information, please contact digitalcommons@odu.edu. 




B.S. May 1984, Millersville University of Pa.
A Thesis Submitted to the Faculty of 
Old Dominion University in Partial Fulfillment of the 
Requirements for the Degree of
DOCTOR OF PHILOSOPHY
OCEANOGRAPHY




Gecfrge T.F. Wong (QTirector)
Dr. Ronald E. -Johnson
Dr. Michael Bacon °
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ABSTRACT
THE SPECIATION OF DISSOLVED URANIUM 
IN MARINE WATERS
Darrin K. Mann 
Old Dominion University, 1993 
Director: Dr. George T.F. Wong
Uranium has been used extensively for quantifying 
geochemical processes in the marine environment. Due to its 
low concentration, about 3.3 ng/1, some form of pre­
concentration is required for analysis. The two most widely 
used pre-concentration schemes are co-precipitation with iron 
hydroxide, and chelating ion exchange chromatography. These 
methods were developed by following the behavior of inorganic 
uranium isotopes and seemed to give identical results. 
However, when used for trace metal analysis, these methods 
have been shown to extract different fractions from the same 
sample. Chelex-100 resin removes only inorganic or weakly 
bound trace metals from a solution, while the precipitates of 
iron hydroxide have been shown to remove variable amounts of 
dissolved organic matter as well.
Although uranium is predicted to be in the inorganic form 
in marine waters, there is some indirect evidence to suggest 
that organic and colloidal uranium are present. Uranium is 
well known for its association with organics material, such as 
humic and fulvic acids. The indirect measurement of organic 
uranium has also been reported in surface waters of the 
Pacific Ocean.
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The comparability of the concentration of dissolved 
uranium in marine waters by pre-concentration with chelating 
ion exchange chromatography (Chelex-238U) and by iron-hydroxide 
co-precipitation (Fe-238U) was investigated. A method for the 
determination of "organic" uranium by incorporating UV- 
oxidation into the analytical scheme was also developed (UV- 
238U).
Samples were collected from the surface of open ocean and 
coastal waters. In open ocean water, no organic uranium, taken 
as the difference between the UV-238U sample and the Chelex-238U 
sample, was observed within the analytical uncertainty of the 
method. No difference was also observed between the two pre­
concentration methods. In coastal waters, however, organic 
uranium was found in significant quantities, constituting 25 
to 45 percent of the UV-238U uranium. Samples in coastal waters 
increased in the following order: Chelex-238U < Fe-238U < UV-238U. 
This order is probably due to the incomplete removal of 
organic compounds by the Fe-238U method. Organic uranium was 
found to have a much stronger correlation to the concentration 
of D.O.C. than to salinity. The existence of organic uranium 
may explain the observed non-conservative behavior exhibited 
by uranium in certain coastal waters.
The concentration of organic uranium was determined with 
depth in the North Atlantic and the Chesapeake Bay. As with 
surface waters, no significant quantities were observed with 
depth in the open ocean. However, in the Chesapeake Bay, 
organic uranium was found down to a depth of 10 meters. The
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concentration of organic uranium was also found to be higher 
during the winter months than early spring. This may indicate 
that the formation of organic uranium is controlled more by 
the binding of inorganic uranium with organic ligands from 
rivers than by biological mediation.
Surface water samples were filtered through 
ultrafiltration membranes of varying nominal molecular weights 
(NMW) and processed using ultrafiltration techniques. The 
nominal molecular weight (NMW) distribution of Chelex-238u, Fe- 
238U, UV-238U, and organic uranium was determined in a variety of 
surface waters. No colloidal uranium was found in the open 
ocean. In coastal samples, organic colloidal uranium was 
primarily associated with high molecular weight (HMW) 
compounds. The Chelex-238U and Fe-238U fractions were primarily 
associated with low molecular weight compounds (LMW). 
Inorganic colloidal uranium was measured and reported here for 
the first time. The concentration of colloidal uranium was 
found to decrease with salinity in the esturine samples, 
possibly indicating the flocculation of HMW colloidal 
compounds during mixing.
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Chapter 1: General Introduction
1.1 Introduction
The total concentration of an element can reveal 
important information about its geochemical cycle in the 
environment. However, it is important to realize that the 
inferences that can be drawn from this information is limited. 
This is especially true when dealing with dynamic systems, 
such as the ocean. To better understand how an element 
interacts with its environment, the chemical form or species 
of that element is needed (Stumm and Brauner, 1975) . By 
determining the speciation of an element, its impact on 
sedimentary cycles, pollutant interactions, the physical 
properties of seawater, and biochemical cycles can be better 
understood (Stumm and Brauner, 1975; Stumm and Morgan, 1981). 
For example, the diatom Navicula spp. has been shown to 
convert iodate to the more thermodynamically unstable iodine 
form (Wong, 1991) . The speciation of a metal also has a direct 
effect on its toxicity to aquatic life. The free (hydrated) 
form of Cu has been shown to be more toxic to life than the 
complexed or colloidally associated form (Florence and Batley, 
1980).
An element may be found in a variety of different forms 
in a solution. The sum of the concentration of these dissolved 
species make up the total concentration of the element in
1
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solution (Stumm and Brauner, 1975; Florence and Batley, 1980)» 
For example, the element iodine may exist in solution as I2, 
I-, I3-, HIO, 10-, and IO3- (Wong, 1982; Wong et al, 1985). 
Other forms may also be present, including colloidal and 
organic species. Elements such as cadmium, copper and selenium 
have been shown to be associated with both organic and 
colloidal material in seawater (Batley and Florence,1976; 
Hasle and Abdullah, 1981; Takayanagi and Wong, 1984) . Some 
authors have attempted to classify the speciation of trace 
metals according to their relative complexity. Stumm and 
Brauner (1971) used molecular diameters to classify compounds 
as either free metal ions, chelates, colloids, or 
precipitates. Metals absorbed onto either large colloids or 
particulates would have a diameter greater than 100 A, while 
free metals ions would have a smaller diameter, typically less 
than 10 A (Figure 1.1). Other schemes of classification based 
on the solubility, stability, degradability, and lability of 
the complexes have been proposed (Mantoura, 1981) .
The adaptation of speciation schemes to natural 
environments frequently does not produce the predicted 
results. This is primarily due to the limitations of 
analytical methodology. This is especially true when dealing 
with minor species which have a concentration smaller than 10"6 
M in the presence of a major interfering species (Stumm and 
Brauner, 1971). For example, metal species that are bound to 
high molecular weight organic material can be classified into
2
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one discrete category. In natural waters, however, it is 
difficult to quantitatively separate all the high molecular 
weight complexes from the other species present. This can best 
be seen by the filtration scheme in Fig. 1.1. All three of the 
physical separations methods (filterable, membrane filterable, 
and dialysable) will retain to a varying degree the metals 
bound to high molecular weight material. These filtration 
methods will also retain metals associated with other organic 
complexes, such as chelaters. By basing the separation scheme 
on the limits of the analytical method, a more practical view 
of speciation schemes can be developed. Speciation schemes 
based on the limits of the analytical method are termed 
"operationally" defined (Stumm and Brauner, 1971). Work 
involving the speciation of elements in natural systems 
usually involves an operationally defined speciation scheme 
(Stumm and Morgan, 1981) .
Members of the 238U and 235U decay series have been used 
extensively for quantifying geochemical processes in the 
marine environment (Osmand and Cowart, 1976; Ku et al, 1977; 
Ivanovich, 1982; Gascoyne, 1982). Since uranium is the parent 
isotope of both decay series, it plays an important role in 
determining the distributions of members of the series 
(Osmoand and Cowart, 1976; Ivanovich, 1982) . Because of this 
importance, the total concentration of dissolved uranium in 
natural waters has been studied extensively (Ku et al, 1977). 
However, only a few of these studies have addressed the
3
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speciation of uranium in natural waters. These studies have 
also suggested that uranium may be present in either the 
organic or colloidal form. Studies by Languir (1978), using 
artificial seawater, have shown that thermodynamically, 
uranium is predicted to form inorganic complexes in natural 
waters. However, a study by Sugimura and Mayeda (1980) showed 
a significant fraction of uranium associated with organic 
compounds in surface open ocean waters. There is also evidence 
to suggest that two of the most widely used preconcentration 
methods, iron hydroxide coprecipitation and ion exchange 
chromatography, may scavenge different forms of uranium 
(Sridharan and Lee, 1972; Akiyama, 1973; Pakalns, 1980).
If uranium is associated with organic and colloidal 
material, then its effect on the geochemical processes of 
uranium needs to be determined. This may be especially true in 
coastal waters, where uranium has been found to exhibit non­
conservative behavior (Cochran, 1984). The influence on this 
association on the analytical method used for measurement of 
uranium also warrants investigation.
This study will seek to determine, (1) the forms of 
uranium present in natural waters, (2 ) how the results from 
two conventional preconcentration methods, iron hydroxide 
coprecipitation and ion-exchange chromatography, compare, (3 ) 
what forms of uranium the two conventional methods measure and 
(4) if environmental conditions effect the speciation of 
uranium in natural waters.
4
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1.2 Review of Geochemistry and Occurrence of Uranium 
Introduction
Uranium is an actinide element with no stable isotopes. 
The actinide group is named for actinium, the first in a 
series of elements which are characterized by an infilling of 
the 5f electronic shell. This is comparable to the progressive 
filling of the 4f shell of the lanthanides (Gascoyne, 1982). 
Due to their relatively low binding energies, uranium, as well 
as the other actinides, tend to form complexes in solution 
(Gascoyne, 1982). Some of the physical properties of uranium 
and the other actinides are shown in Table 1.1.
There are three naturally occurring uranium isotopes; 
238U, 235U, and 234U. 238U is the parent of the uranium (4n + 2) 
decay series, which ultimately decays to 206Pb. Uranium-235 is 
the parent nuclide of the actinium (4n + 3) decay series, 
which eventually decays to the stable isotope 207Pb. A 
schematic of the U-series is shown in Figure 1.6 The natural 
abundance, half-life, and main energy group of the uranium 
isotopes is shown in Table 1.2.
Speciation
Although uranium has four valances (3,4,5, and 6 ), in 
aqueous solutions only the tetravalent (+4) and hexavalent 
(+6 ) states are stable (Starik and Kolyadin, 1957). In aqueous
5
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solutions (pH 3-7), hexavalent uranium occurs in the form of 
the uranyl ion, which has a strong tendency to form complexes 
and hydrolyses easily (Starik and Kolyadin, 1957) . Under 
reducing conditions the insoluble and particle reactive 
tetravalent state may form (Starik and Kolyadin, 1957).
In distilled water, the solubility of uraninite (U02) is 
very low (< 0.01 ppb between pH 2 and 7; Langmuir, 1978) . When 
oxidized to the uranyl ion via the reaction below, the 
solubility increases by several orders of magnitude:
U+4 + 2H20 = U02+2 + 4H+ + 2e-, E = 0.27 V
Uranyl complexes are far more soluble than uranous species, 
the species present being dependent on Eh-pH conditions, the 
concentration and availability of complexing ions and the 
temperature (Gascoyne,1982). In the absence of complexing 
agents in distilled water, the dominate forms of uranium are 
U02+2, U020H+, and (U02)3(0H)5+ (Fig. 1.2). In the presence of an 
inorganic complex, such as carbonate, the dominate species 
become U02C03, U02(C03)3'4 and U02(C03)2'2 (Fig. 1.3; Starik and 
Kolyadin, 1957; Langmuir, 1978; Djogic et al, 1986). Besides 
carbonate, uranium can also form soluble complexes with 
phosphate, sulfate, fluoride and silicate ions. The presence 
of these other ions causes the stability of the carbonate 
complexes to shift to pH 7.5 and higher, as can be seen in 
Fig. 1.4. The only tetravalent (+4) species found to have
6
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appreciable solubilities are fluoride and hydroxyl complexes 
at a pH of 2 (Gascoyne, 1982).
Although not predicted by thermodynamic models (due to a 
lack of organic ligand data), there is some evidence to 
support the association of uranium with organic and colloidal 
material. Sugimura and Mayeda (1980) used a macroteticular 
resin (Amberlite XAD-2) to concentrate the uranium associated 
with non-polar organic compounds. Up to 20% of the uranium in 
the surface waters of the Pacific was found to be associated 
with organics. Sigleo and Heltz (1981) found that a 
significant fraction (up to 1 0 %) was associated with the 
colloidal phase in the Patuxent River estuary. Colloidal 
uranium has also been reported for groundwaters. Short et ai 
(1988) found uranium was sorbed onto Fe and Si species, which 




Uranium is widely distributed in nature, and is found in 
a variety of igneous rocks of both continental and oceanic 
origin. Table 1.3 shows the uranium content of several 
different igneous rock types from continental and oceanic 
island sites (Katz and Seaborg, 1957; Harmon and Rosholt, 
1982). Continental silicic (acid) rocks such as granite can be
7
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enriched up to two fold over oceanic basalts (basic). This is 
probably due to the fractionation in the early-melting silica 
rich phases during formation (Katz and Seaborg, 1957; 
Gascoyne, 1982). The average concentration of uranium in 
igneous rocks is on the order of 4 parts per million (Katz and 
Seaborg, 1957; Harmon and Rosholt, 1982).
Uranium is typically distributed in igneous rocks in one 
of three way: (1 ) by direct cation substitution in the
silicate lattice of the major rock-forming minerals, (2 ) as a 
minor or major component of accessory minerals such as apatite 
and zircon, and (3) by absorption into the lattice defects or 
onto crustal and grain boundaries (Katz and Seaborg, 1957).
Uranium is one of the major elements responsible for 
crustal radiogenic heat production. Due to the discrepancy 
between heat production and measured heat flow, it has been 
suggested that the concentration of uranium decreases 
exponentially with depth. (Katz and Seaborg, 1957) . Recent 
cores taken in Alaska to a depth of 2.98 km found that the 
uranium concentration was greater at depth ( > 1 km) then near 
the surface (<1 km; Harmon and Rosholt, 1982) .
Uranium is present in a large number of minerals. Uranium 
minerals are usually divided into two broad categories, 
primary and secondary. Primary uranium minerals originated 
during the final or terminal phase of the solidification of 
the magmatic intrusion. This occurs when molten masses deep in 
the earths crust push upwards and cool. The ionic radii of
8
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uranium prevents it from being incorporated into the higher- 
melting, basic igneous rock. The uranium is therefore 
preferentially concentrated in the slower cooling silicious 
magma (Katz and Seaborg, 1957) . This slower cooling section, 
containing feldspar and quartz, is called a pegmatite. Two of 
the more important pegmatites, due to their high uranium 
concentration, are uraninite and pitchblende. A list of 
selected uranium minerals is shown in Table 1.4 (Gascoyne, 
1982) .
Clastic sediments, such as sandstone and greywackes, 
contain concentrations of uranium from 0.5 to 4 ppm. Organic 
rich sedimentary deposits, such as black shale, can contain up 
to 1200 ppm of uranium (Table 1.4; Gascoyne, 1982). Limestones 
typically contain about 2 ppm U, while dolomites usually have 
less, due to loss during the dolomitization process.
Organic rich sediments, such as peat and lignite, 
typically have very high uranium concentrations (Table 1.4). 
Organic compounds such as humic and fulvic tend to adsorb 
uranium and concentrate it in the sediments. Bituminous and 
sapropelic material, such as algae, have very low uranium 
concentrations. (Gascoyne, 1982). Uranium has also been found 
to be concentrated by clays, zeolite, calcite and apatite.
1.3 Distribution in Natural Waters 
Seawater
The first measurements of uranium in seawater were done
9
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by the investigators Hernegger and Karlik. They reported 
uranium values in seawater ranging from 0.36 x 10-6 to 2.3 x 10" 
6 g/L U (Starik and Kolyadin, 1957). Later, more comprehensive 
and accurate work showed that the concentration of uranium in 
seawater was relatively constant, with a mean of 3.3 fig/1, or
2.2 pCi/1 (Turekian and Chen, 1970; Ku et al, 1977). Turekian 
and Chen (1970) have shown that uranium behaves conservatively 
in seawater. They reported a uranium to salinity ratio of 9.21 
x 10‘8 gU/ppt from a GEOSECS station off the coast of San 
Diego. Ku et al (1977) latter expanded their work to include 
the Atlantic and Indian Oceans; he reported a value of 9.34 
+/- 0.56 x 10'8 gU/ppt.
The 234U/238U activity ratio for the oceans is relatively 
constant, being 1.14 +/- 0.03 (Ku et al, 1977). Secular 
equilibrium would predict a ratio of 1.00. This discrepancy is 
due to the preferential leeching of 234U into solution. The 234U
can be leeched either indirectly due to alpha recoil or
through enhanced weathering due to damage of the mineral 
lattice by radioactive decay (Cochran, 1984).
Since the majority of ocean waters are oxic, uranium is
usually found in the soluble, hexavalent (+6 ) state (Langmuir, 
1978). At the pH of seawater, uranyl cations will combine with 
calcium carbonate by the following reaction:
U02+2 + xCaC03 = U02(C03)x+2(1-x) + xCa+2 (x = 2,3)
10
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The dominate inorganic forms of uranium are 1102(0 0 3)3"* and 
U02(C03)2'2 (Langmuir, 1978; Djogic et al, 1986).
Riverwater
Unlike seawater, there is a large range of values for the 
concentration of uranium and the 234U/238U ratio in riverwater. 
This can be seen in Table 1.5. The concentration of uranium in 
rivers reported by different investigators also has a wide 
range of values. Uranium concentrations in rivers ranging from 
0.1-1 ng/1 to 0.34 -1.2 M9/1 have been reported. The average 
uranium concentration in rivers is generally taken as 0.3 figf 1 
(Burton, 1975; Mangini et al, 1979).
The large variability in the uranium concentration in 
river waters makes it difficult to calculate the influence of 
industrialization. The concentration of uranium in rivers is 
usually altered by industrial waste and the leaching of
uranium from phosphatic fertilizers applied in the drainage 
area (Burton, 1975; Mangini et al, 1979). Moore (1967) found 
that the concentration of uranium in the Mississippi river had 
increased from 0.04 ixg/1 to 1.0 ixg/1 since 1952. During this
same time period, the use of phosphatic fertilizers also
increased, indicating the influence of industry on the
concentration of uranium in riverain systems.
The occurrence of uranium concentrations exhibiting non­
conservative behavior in river and estuarine systems has been
11
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reported. Borole et al (1982) in the Narbada (India) and 
Figueres et al (1982) in the Zaire (Africa) reported removal 
of uranium in the lower salinities (Cochran, 1984). Removal of 
uranium at even higher salinities (21-33 ppt) in Tampa Bay, 
Florida has also been reported (Osmond and Cowart, 1976). Many 
theories have been proposed to explain this phenomenon. The 
formation of sub-oxic waters may reduce uranium to the 
insoluble +4 tetravalent state. Uranium may also be scavenged 
by organic compounds in organic rich estuaries (Cochran, 
1984) .
Groundwater
The uranium isotopes, 238U and 234U, should be in secular 
equilibrium in all minerals and rocks greater than one million 
years old (Andrew and Kay, 1982). However, groundwaters 
exhibit some of the largest deviations of uranium from unity 
in the hydrosphere, as can be seen in Figure 1.7. Several 
theories have been proposed to explain the process that would 
favor the preferential mobilization of 234U: (1) The direct
transfer of the atom by alpha recoil from the solid to the 
liquid phase, and (2 ) increased dissolution ability due to 
recoil displacement and oxidation of U+4 to U+ 6 (Osmound and 
Cowart, 1976).
The concentration of uranium in groundwater also varies 
greatly, ranging from 0.03-120 ng/1 (Mangini et al, 1979). 
This is due to the different types of groundwater systems
12
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
encountered in nature. In open systems where the water is 
entirely oxic, the uranium concentration is high (25-120 ng/lj 
Osmond and Cowart, 1976). In closed-system aquifers, a 
"reducing barrier" exists. As the groundwater flows to greater 
depths, the water becomes reducing. The uranium is reduced to 
the +4 tetravalent state and precipitates. The water returning 
to the surface is essentially stripped of uranium. Uranium 
concentrations for these system are typically less then 2 
Atg/1 (Osmound and Cowart, 1976)
Inorganic and Biogenic Precipitates
In seawater the incorporation of uranium into carbonate 
minerals is almost always a biogenic process. Uranium is 
passively removed by calcareous organisms and deposited in 
their hard body tissue. Upon death, the skeletal remains of 
the organism are removed to the ocean floor. This removal 
process accounts for one of the large sinks for uranium in the 
ocean, and may have been previously underestimated (Sacket et 
al, 1972) . The concentration of uranium in marine biogenic 
sediments varies greatly. Uranium concentrations in deep sea 
deposits of coccoliths and foraminifera range from 0.025 ppm 
to 1.19 ppm uranium (Sacket et al, 1972). Live coral have 
concentrations ranging form 2.5 to 3.2 ppm uranium (Tatsumoto 
and Goldberg, 1959). Living mollusc typically have low uranium 
concentrations in their shells. However, a ten fold increase 
in the concentration is observed in their shells after death
13
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(Burton, 1972). Uranium has also been found in silicious 
organisms, such as diatoms and dinoflagellates. Concentrations 
as high as 1 ppm uranium have been reported in the shells of 
these organisms (Bloch, 1980).
Another sink for uranium in the oceans is deposition in 
organic rich anoxic basins. In anoxic sediments, uranium is 
generally removed by one of two mechanisms: (1 ) uranium is
reduced from the soluble + 6 state to the insoluble +4 state in 
pore waters or (2 ) uranium is complexed by organic compounds, 
which then remove it to the sediments. Co-existing with these 
organic deposits are phosporites, which can have uranium 
concentrations as high as 100 ppm (Veeh, 1967; Saccket et al, 
1972; Bloch, 1980). Bloch (1980) showed that up to 9% of the 
total uranium input by the worlds rivers can be removed by 
this mechanism, although the actual percent may be much higher 
(Veeh et al, 1974).
Geochemical Balance
There is still much regarding the marine geochemical 
cycle of uranium which is poorly understood (Burton, 1972). 
For example, the riverain input is poorly known (as mentioned 
earlier) . Due to this uncertainty, estimates of the residence 
time of uranium in the oceans have varied from 2 x 1 0s to 2 x 
107 years (Sacket et al, 1972; Burton, 1975).
There is also uncertainty in the removal rate of uranium 
from the oceans. Sacket et al (1972) have shown that
14
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carbonate deposits and deep sea anoxic basins remove only 10 
percent of the present day uranium inputs. This tends to 
indicate that either the riverain input has been over 
estimated, or other sinks for uranium exist. Bloch (1980) has 
shown that uranium may be removed from solution by the 
weathering of submarine basalts. Up to 50 percent of the 
riverain input may be removed from the oceans by this method. 
Veeh et al (1974) measured the concentration of uranium in 
organic sediments off the coast of south west Africa. He found 
that the concentrations were several times higher then 
previous estimates. Up to 25 percent of the uranium input to 
the oceans may be removed in coastal anoxic sedimentary 
regions.
15
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1.5 Objectives
The four main objectives of this study are:
1) To determine the comparability of the results 
obtained from two conventional preconcentration 
methods, iron hydroxide coprecipitation and a 
chelating ion exchange resin (Chelex 100).
2) To develop an analytical scheme for determining 
inorganic uranium, organic uranium, and colloidal 
uranium in natural waters.
3) To determine the size distribution and 
speciation of dissolved uranium in natural waters.
4) To determine the relationship between 
environmental conditions and the speciation of 
dissolved uranium in natural waters and its 
possible influence on the geochemistry of uranium.
16
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Figure 1.1. Forms of occurrence of metal 
species.
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Table 1.1 Physical properties of the naturally 
occurring actinides and their daughter 
elements (Gascoyne, 1982).
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Physical properties o f the naturally-occuring actinides and their daughter elements
Elem ent Z G ro u p Electronic 
configuration  
(H g  inner s h e ll)" ’
O xidation  and 
reduction states"1
Ionic ra d ii" ’
(A)
Electronegativity14’
U 92 I l ia 6p‘ 5 r , 6 d , 7s1 3 +  . 4_+ , 5 +  , 6 + (4 +  , ° - 93 
1 1.05
1.22
Pa 91 l t la
P < ^ 5 f ‘ 6 tlJ 7s2
3 +  , 4 + ,  S + (4 +  ) 0.96 1.14
T h 90 I l ia 6p‘ 6dJ7s2 3 +  . 4  +
0.99 
14+ )  1.10
1.11
Ac 89 l t la 6 p *6 d , 7s1 3 + 1.11 1.00
Ra 88 Ha 6p‘ 7s1 2 + 1.52 0.97
Rn 86 0 6p‘ 0 — —
Po 84 V Ib 6p4 4 +  . 2 - (4 +  ) 1.02 1.76
Di 83 V b 6p> 3 +  , 5 +  . 3 — ■ (3 +  ) 1.09 1.67
Pb 82 IV b 6p l 2 +  , 4 +
(2 +  ) 1.32 
(4 +  ) 0.98
1.55
Notes: ( I)  [H g ]  “  n ) 2 i, 2p*J$13p44 j , 3a,04p*3 i, 44l ,05p*6»*4f,43a, °
(2) (he most stable oxidation states are underlined
(3) from  Colton and W ilkinson (1972) and Goldschmidt (1954)
(4) Allred and Rochow (1958)
Table 1.2 Natural abundance, 1/2 life, and
main energy of the uranium isotopes.
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Table 1.2 Natural abundance, 1/2 life, and main energy of the
uranium isotopes.
Isotope 1/2-life (yrs) % Abundance Energy (MeV)
U-238 4.51 x 103 99.274 4.19*
U-235 7.31 x 108 .7205 ’ 4.39
0-234 . 2.48 x 105 .0056 4.77, 4.72
1.9
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Table 1.3 Generalized distribution of uranium 
in various broad groups of igneous rocks 
(Harmon and Rosholt, 1982).
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Ultram afic rocks
(dunites, _  ___
serpentinites, ""
eclogites etc.)
M afic rocks (basalts, gabbros e t c . ) -----
Intermediate rocks (andesites, daciles, ___, ,  , M, _______
rhyodacites, diorites, quartz diorites, 
granodiorites, etc.) ■
• • . *
Silicic rocks (quartz latites, rhyolites, ___ — -
quartz monzonites, granites)
_______:_______ |__________ !__________ |__________ I___________L
0.001 0.01 0.1 1 10 
Uranium (ppm)
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Figure 1.2 Distribution of uranyl-hydroxy 
complexes plotted against pH for total uranium 
concentration of 10‘8 M, in pure water at 25 
degrees C (Langmuir, 1978).
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Figure 1.3 Distribution of uranyl-hydroxy and 
carbonate complexes plotted against pH for Pco2 
= 10"2 atm, and a total uranium concentration 
of 10'8 M at 25 degrees C (Langmuir, 1978) .
Figure 1.4 Distribution of uranyl complexes 
plotted against pH at 25 degrees C for a total 
uranium concentration of 10'8 M, in the 
presence of other ions (Langmuir, 1978) .








Distribution of uranyl-hydroxy and carbonate complexes plotted against pH  










Distribution of uranyl complexes plotted against pH at 25 CC for a total U  
concentration of 1 0 '8 M, in the presence of other ions: I F  =  0.3 ppm, IC1 =  10 ppm, 
IS O * =  100 ppm, IP O *  =  0.1 ppm, and IS i0 2 =  30 ppm (from Tripathi 1979).
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Table 1.4 Normal range of uranium and thorium 
concentrations and Th/U ratios in various rock 
types (Gascoyne, 1982).
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Normal range of U and Th concentrations and Th/U ratios in 
various rock types
Rock type Name U Th T h /U
(ppm) (ppm)
Igneous granites '
granodiorites L 2.2-6.1 8-33 3.5—6.3
rhyolites f
dacites j
gabbros 0.8 3.8 4.3
basalts 0.1-1 0.2-5 1-5
ultramafics < 0 .0 1 5 < 0 .0 5 variable
Metam orphic edogites 1 0 .3 -3 0.2-0.5 2-4.3
granulites J 4.9 21 4.3
gneiss 2.0 5-27 1-30
schist 2.5 7.5-19 > 3
phyllite 1.9 5.5 2.8
slate 2.7 7.5 2.8
Sedimentary orlhoquartzite 0.45-3.2 1.5-9 1.6-3.8
greywackes 0.5-2 .0 1-7 -  2
shales: grey-green 
red-yellow
2 -4 10-13 2.7-7
• black 3-1250 — low
bauxite 11.4 49 - 5
limestones < 2 0-2.4 <  1
dolomites 0.03-2 — _ _
phosphates 50-300 1-5 < 0 .1
cvaporites <  0.1 <  1 —
speleothem < 0 .0 3 -1 0 0 0-10 —
living molluscs <  0.01-0.5 low —
fossil molluscs 0 .5 -8 low —
coral 2 -4 low _ _
M n  nodules 2 -8 10-130 -  7
oceanic sands and clays 0 .7 -4 1-30 0 .4 -10
• peat 1-12 1-5 $ 1
• lignite <  50-80 — —
• coal <  1 0 -< 6 0 0 0 — —
asphalt 10-3760 — —
oil 4 -7 7 — —
(F rom : Rogers and Adams 1969: K a u fm an  et a l  1971; H arm on et a l  1975; K u n zcn d o rf and Friedrich 1976).
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Figure 1.5 Chart showing the decay chain of 
the uranium and thorium series isotopes 
(Broecker and Peng, 1982).
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Table 1.5 Dissolved uranium content of
selected rivers (M.R. Scott, 1982).
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Dissolved uranium content o f selected rivers
A . M a jo r  rivers
River 2“ U Activity ratio Reference Location, D ate
fog /I) J5* U / ” ’ U
A m azon 0.04 +  0.002 1.10 ±  0.05 (U )
0.02 ± 0 .0 0 2 — (1)
C ongo 0.12 ±0 .001 ___ (1)
0.08 1.09 ± 0 .0 7 (8)
Mississippi 0.03 0 (14)
1.83 — (13)
1.0 ± 0 .0 5 1.31 ± 0 .0 6 (11)
1.3 ± 0 .4 — (6)
< 0 .4 +  0.4 — (6)
< 0 .4  ± 0 .4 — (6)
0 .31+ 0 .01 — (1)
0 .1 0 ± 0 .0 5 — (1)
0.97 ± 0 .0 5 — (17)
0.74 ± 0 .0 2 1.27 ± 0 .0 4 (3) Della
*1.08 (0 .59-1.34) 1.25 (1 .19-1.30) (3) Vicksburg
mean, 11 samples
0.14 ± 0 .0 2 1.37 ± 0 .0 3 (16) St Francisville, L a ,  July
1979
0.86 ± 0 .0 3 1.21 ± 0 .0 4 (16) Delta, SW  Pass, Sept. 1980
0.79 ± 0 .0 3 1.21 ± 0 .0 5 (16) Della, SW  Pass, Sept. 1980.
Ganges 1.9 ± 0 .2 1.03 ± 0 .0 3 (2) Hardwar, Jan. 1968
*6.6  ± 0 .8 1.04 ± 0 .0 2 (2) Allahabad, Jan. 1968
4.1 ± 0 .5 1.12 ±  0.03 (2) Patna, Jan. 1968
1.6 ± 0 .2 1.07 ± 0 .0 3 (2) Nabdecp, Jan. 1968
(mouth)
Colum bia 0.5 ± 1 .4 — (6)
25
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Figure 1.6 Scattergram showing the range of U 
content and 234U/238U activity ratios in 
groundwater (Osmond and Cowart, 1976).
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Chapter 2: An Evaluation of Two Methods for the
Freconcentration of Uranium from Marine Waters: A Scheme for 
the Determination of "Organic" Uranium
2.1 Abstract
In the determination of dissolved 238U in aqueous 
solutions, a pre-concentration by chelating ion exchange 
chromatography with a Chelex-100 column at pH 4 (or Chelex- 
^U) and co-precipitation with iron hydroxide (or Fe-^U) 
yielded indistinguishable results for pure solutions of 
inorganic uranium and samples of open ocean waters. However, 
in coastal marine waters, the concentration of Fe-238U could be 
significantly higher than that of Chelex-238U. The
concentration ratio of Fe-238U to Chelex-238U seemed to be higher 
in waters with higher concentration of dissolved organic 
carbon (DOC). A concentration ratio of Fe-238U to Chelex-238U as 
high as 1.27 was observed. The concentration of 238U (UV-238U) 
in these coastal waters might be further elevated if dissolved 
organic matter in the sample was first mineralized, by 
irradiating it with UV light in the presence of hydrogen 
peroxide under acidic condition, before it was analyzed. The 
ratio of the concentration of UV-238U to Chelex-238U increased 
even more dramatically with increasing concentration of DOC. 
The highest value observed was 1.83. The concentration of 
dissolved uranium thus increased in the order: Chelex-238U <
27
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Fe-H8U < UV-23̂ . These results are consistent with the notion 
that: (a) only inorganic and weakly bound species are removed 
by the Chelex 100 resin so that Chelex-U represents inorganic 
and weakly bound uranium; (b) iron hydroxide co-precipitation 
can remove a fraction of dissolved organic matter so that Fe-U 
includes inorganic as well as a variable fraction of "organic" 
uranium; (c) the irradiation of a sample of water with UV 
light converts "organic" uranium to the readily detectable 
inorganic uranium; and (d) "organic" uranium is more likely to 
be found in coastal marine waters where the concentration of 
dissolved organic matter is higher. Previously published data 
are almost exclusively Chelex-U and Fe-U. In the open oceans, 
if the amount of "organic" uranium is small, they should be 
essentially identical. In coastal waters, however, Chelex-U 
and Fe-U may represent different fractions of dissolved 
uranium. Thus, some of the conclusions on the behavior of 
uranium in estuarine and coastal waters drawn from these data 
may have to be re-examined in order to take into consideration 
the speciation of uranium in these waters and the analytical 
methods used. By determining Chelex-238U and uv-238U
simultaneous in a sample, "organic" uranium may be estimated 
as the difference in concentration in these two measurements.
28
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2.2 Introduction
Members of the 238U and decay series have been used 
extensively for quantifying geochemical processes in the 
marine environment (Chesselet and Lalou, 1988). Being the 
parents of these decay series, uranium can play an important 
role in determining the distributions of the members of these 
series. Uranium is considered a conservative element in the 
oceans. Its concentration in seawater, at about 3.3 ug/L, is 
low but rather constant (Ku et al., 1977). In estuarine and 
river water, the concentration can be quite variable. 
Concentrations below 0.1 ug/L and in excess of 5 ug/L have 
been reported (Scott, 1982).
Because of the low concentration of uranium in natural 
waters, a pre-concentration is usually required in its 
determination (Lally, 1982). Once uranium is extracted from 
the sample, it can be quantified by a variety of methods, such 
as alpha spectrometry, spectrophotometry, polarography and 
isotope dilution mass spectrometry (Riley, 1975; Chen et al., 
1986) . The two most widely used pre-concentration schemes are 
the co-precipitation of uranium with iron hydroxide (Turekian 
and Chan, 1971; Ku et al., 1977;; Lofverndahl, 1987; Toole et 
al., 1987) and chelating ion exchange chromatography with the 
Chelex-100 resin at pH 4 (Hirose and Ishii, 1978; Pakalns, 
1980; Gladney et al., 1983). These pre-concentration methods 
were developed by following the behavior of the inorganic form
29
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of some of its isotopes, such as ^U, 236U and/or M2Uf through 
the analytical schemes and they seemed to give identical 
results under such circumstances. However, these pre­
concentration schemes have also been used for pre­
concentrating trace metals from marine waters for subsequent 
quantification and they have been shown to extract different 
fractions of a trace metal from the sample. It is well known 
that, on the one hand, the Chelex-100 resin removes primarily 
inorganic and weakly bound trace metals from solution, 
separating them from the strongly complexed and colloidal 
trace metals (Riley and Taylor, 1968; Abdullah et al., 1976; 
Stolzberg and Rosin, 1977; Pakalns and Batley, 1978; Smites et 
al., 1979). On the other hand, the precipitation of iron 
hydroxide scavenges not only inorganic trace elements but also 
a variable fraction of the dissolved organic matter (Sirdharan 
and Lee, 1972; Akiyama, 1973). Identical results are expected 
in the development of these pre-concentration methods for the 
determination of uranium because only inorganic uranium was 
used as the tracer. If "organic" uranium is present in marine 
waters, co-precipitation with iron hydroxide and chelating ion 
exchange chromatography with Chelex-100 resin may extract 
different fractions of dissolved uranium for subsequent 
quantification and neither method may give the true 
concentration of total dissolved uranium in the sample.
There is ample indirect evidence which suggests that 
organic and colloidal uranium may be present in natural
30
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waters. The preferential association of uranium with organic- 
rich sedimentary deposits is well known (Gascoyne, 1982) . The 
diagenesis of uranium in marine sediments is considered to be 
closely tied to the diagenesis of organic material 
(Klinkhammer and Palmer, 1991). Li et al. (1980) reported
that complexes of U(VI) with soil humic, fulvic and tannic 
acids can be formed in the laboratory. Sugimura and Mayeda 
(1980) reported that up to 15% of the dissolved uranium in the 
surface waters in the Pacific Ocean can be retained by an XAD- 
2 resin column which removes dissolved organic material from 
seawater. They suggested that the uranium removed may be 
organically bound uranium.
Dissolved organic carbon, or DOC, may be mineralized by 
irradiating a sample of natural water with UV light in the
presence of hydrogen peroxide under acidic conditions
(Armstrong et al., 1968; Batley and Farrar, 1978). In the
process, the organically bound elements may be converted to 
their inorganic form (Armstrong and Tibbitts, 1966; Batley and 
Farrar, 1978; Florence and Batley, 1980). If the analytical 
method for the determination of an element is only sensitive 
to its inorganic species, the organic form of that element may 
be determined as the difference in the concentration of the 
sample before and after UV irradiation. Such an approach has 
been adopted for the determination of the organic form of a 
number of trace elements (Henriksen, 1970; Truesdale, 1975; 
Batley and Florence, 1976; Takayanagi and Wong, 1984, 1985).
31
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If "organic" uranium is present in marine waters and chelating 
ion exchange chromatography with Chelex-100 resin can only 
detect inorganic plus weakly bound uranium, it may be possible 
to determine "organic" uranium by analyzing a sample with and 
without UV-irradiation.
We have evaluated the comparability of the concentrations 
of dissolved uranium in marine waters determined with these 
two methods of pre-concentration: chelating ion exchange
chromatography and iron hydroxide co-precipitation. A method 
for the determination of "organic" uranium in natural water 




A photochemical platform reactor (Ace Glassware) with a 
700 watt mercury vapor lamp was used for irradiating the 
samples with UV light. The alpha counting system consisted of 
two Ortec Model 576 dual alpha spectrometers, a Tracor 
Northern four input multiplexor-router and a Model TN7200 
multichannel analyzer. Electroplating was carried out in 
teflon plating cells similar to that designed by Herada and 
Tsunogai (1985). An Oceanography International total carbon 
analyzer was used for the determination of DOC by the method 
of Menzel and Vaccaro (1964) . A Minisal 2100 salinometer was 
used for the determination of salinity.
32
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Determination of uranium 
Pre-concentration
Ion exchange chromatography - The method of Gladney et 
al. (1985) was used. The pH of the filtered sample was 
adjusted to 4 with 1 M HCl. Then, it was passed through a 
Chelex-100 column at a flow rate of 2 ml/min. Inorganic and 
weakly bound uranium was eluted from the column with 6M HCl. 
A known amount of a 236U tracer was added to the sample and the 
sample was converted to a medium of 9.6 M HCl and set aside 
for purification, plating and counting.
Co-precipitation with iron hydroxide - The method of Ku 
et al. (1977) was used. The pH of the filtered sample was 
adjusted to <2 and 23<SU and 20 mg/L of Fe+3-Fe were added to it. 
After allowing 24 hours for isotope equilibration to be 
attained, the pH of the solution was raised to >9 with NH40H. 
The iron hydroxide formed was separated from the supernatant 
liquid by settling, decanting, siphoning and centrifugation. 
The precipitates were dissolved in 6M HCl and most of the iron 
was removed by extracting the solution with diethyl ether. 
Then, the medium was converted to 9.6 M HCl for purification, 
plating and counting.
UV-oxidation and co-precipitation with iron hydroxide - 
The pH of the filtered sample was adjusted to 2 and 236U tracer 
added. The sample was allowed to equilibrate for 24 hrs. 
Then, 1 ml of 30% H202 was added to each 100-ml aliquot of the 
samples. The aliquots were then irradiated with UV light for
33
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7 hours. The concentration of uranium in the re-combined
aliquots was determined by co-precipitation with iron 
hydroxide.
Purification, plating and counting
Uranium was separated from other radionuclides by ion 
exchange chromatography as described by Anderson and Fleer 
(1982) . Briefly, uranium was separated from most of the other 
matrix elements by passing the sample through an AGlx8 anion 
exchange column in the chloride form and then eluting the 
column by a serial gradient elution with 9.6 M and 0.1 M HCl. 
Uranium was further separated from iron and other 
radionuclides, such as thorium, by passing the sample through 
an AGlx8 anion exchange column in the nitrate form and then 
eluting the column with 8 M HN03, 9.6 M HCl and 0.1 M HCl in 
succession. The purified uranium was then electroplated for
3.5 hours at 0.8 amp onto a silver disk and analyzed by alpha 
spectrometry.
The uranium recovered by ion exchange chromatography with 
Chelex-100 resin and by co-precipitation with iron hydroxide 
without and with prior UV-irradiation are called Chelex-U, Fe- 
U and UV-U respectively. The concentrations of both 234U and 
were determined in each analysis. Only the concentrations 
of B«u are reported and discussed here.
34
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Background, tracer and blank corrections.
The background alpha count rates for the detectors in our 
counting system ranged from 0.3 to 0.6 counts per day in the 
regions of interest and most samples were counted for no more 
than a day. The background contribution to the total counts 
was much less than 1% for all the samples. The yield tracer, 
236U, contained 238U in an amount equal to 3.1% of the 236U 
activity and equal to 13.0% of the MSU activity and a
correction for this reagent blank was made in computing the 
concentrations of 238U and in the samples.
For more details on column preparation and 236U tracer 
calibration, please see Appendix A.
2.4 Results and Discussion 
Fe-U and Chelex-U
The efficiency of the removal of DOC from marine waters 
during the precipitation of iron hydroxide was determined in 
three 1-L aliquots of a sample of coastal seawater. The 
concentrations of DOC in the sub-samples were determined 
before the addition of Fe+3-Fe and after the precipitation of 
iron hydroxide. The results are shown in Table 1. The 
average initial concentration of DOC in the three sub-samples 
was 4.28+0.04 mg/L. This concentration is not atypical of 
coastal marine waters (Head, 1976). After the precipitation 
of iron hydroxide, the concentration of DOC decreased to
35
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3.24+0.07 mg-C/L. Thus, about 24+2% of the initial DOC was 
removed by the precipitation of iron hydroxide. These results 
are comparable to those reported by Akiyama (1973) who 
observed a removal of 28% of the DOC added to a sample of 
natural water during the precipitation of iron hydroxide at a 
concentration of 20 mg-Fe+3-Fe/L at pH 7. In our study, the 
sub-samples were treated identically and the results were 
highly reproducible. However, in practice, during the 
coprecipitation of uranium with iron hydroxide, the 
experimental conditions, such as the amount of dissolved iron 
added to the sample, the pH for precipitation, time and rate 
of stirring of the sample during precipitation and time of 
contact between the precipitates and the liquid phase before 
they are separated from each other, may vary from investigator 
to investigator and even from sample to sample. These 
experimental conditions have been shown to, or conceivably 
may, affect the exact amount of DOC that is removed from 
solution (Akiyama, 1973; Sirdharan and Lee, 1972). Thus, 
while DOC and, by inference, "organic" uranium may be removed 
from solution by co-precipitation with iron hydroxide, the 
fraction that is removed may vary from study to study and/or 
even from sample to sample.
The efficiency of the preconcentration of inorganic 
uranium from an aqueous solution by coprecipitation with iron 
hydroxide and chelating ion exchange chromatography with 
Chelex-100 were tested by adding a known amount of a standard
36
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solution of inorganic uranium, containing 238U and 234U in known 
isotopic abundances, to 1-L aliquots of a single batch of 
artificial seawater. Three of the aliquots were then analyzed 
for by each of the two methods. The results are shown in 
Table 2. The average concentration of Chelex-238U and Fe-238!; 
were 4.85+0.05 and 4.86+0.08 dpm/L respectively. The yields 
obtained by these two methods are thus identical within the 
analytical uncertainties. For each of these methods, the 
results were highly precise with standard deviations of 1 and 
2% respectively. In both cases, the amounts recovered were 
equivalent to 96% of the added 238U and should be considered 
quantitative within analytical uncertainties. Thus, if 
uranium is present in only the inorganic form in marine 
waters, these two methods should give comparable results.
Chelex-238U and Fe-238U were determined in 13 samples of 
open-ocean surface waters collected from the North Atlantic 
and in 1 1 samples of coastal water collected from the 
Chesapeake Bay, the James River estuary and the Ramshorn 
Lagoon at the Delmarva Peninsula. In another sample of 
coastal water, only Chelex-238U was determined. The results 
are shown in Table 3. In one of the samples collected from 
the North Atlantic, Chelex-238U was determined in triplicate 
and Fe-238U was determined in duplicate (Table 2) . The 
standard deviation of the methods were both about +2%. This 
value is about the same as that found in artificial seawater 
with known amounts of added uranium. In the 13 samples of
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open-ocean waters, the ratio of the concentration of Fe-238U to 
that of Chelex-238U, or (Fe-^U/Chelex-23̂ ) , ranged from 0.96 to
1.05 (Fig. la, Table 3), with an average of 1.01+0.02. Only 
3 of the 13 samples had a ratio of less than 1. While there 
is a suggestion that the concentration of Fe-23̂  in open ocean 
waters may be marginally higher than that of Chelex-238U, the 
difference is probably too small to be readily detectable. In 
fact, when analytical uncertainties are taken into 
consideration, the results obtained by these two methods 
should be considered indistinguishable from each other. Thus, 
if the results from this limited set of samples are 
representative of the open oceans in general, either of these 
two methods may be used for the determination of uranium in 
waters from the open oceans and they should yield comparable 
results. If "organic" uranium is present, it is present at 
concentrations that are too low to affect the results.
The 238U to salinity ratio for Chelex-U and Fe-U, or 
(Chelex-^U/S) and (Fe-238U/S), in the samples from the open 
ocean, ranged from 0.056 to 0.070 dpm/psu and from 0.059 to 
0.070 dpm/psu respectively (Table 3, Fig. 2a, 2b). The
average values were 0.064+0.004 dpm/psu and 0.065+0.004 
dpm/psu. Ku et al. (1977) reported that the average uranium 
to salinity ratio in the world oceans is 9.34+0.56 x 10'8 g- 
U/psu. The corresponding value of (238U/S) would be 
0.069+0.004 dpm/psu. Thus, our values of average (Chelex- 
^U/S) and (Fe-238U/S) overlap with that derived from the data
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of Ku et al. (1977) within the combined uncertainties of these 
values.
In contrast, the concentration of Fe-238U in the 11 
samples of coastal waters were all significantly higher than 
the corresponding concentration of Chelex-238!! (Table 3) . The 
difference between the concentration of Fe-238U to that of 
Chelex-238U ranged from 0.04 to 0.25 dpm/L. The (Fe-^U/Chelex- 
238U) varied from 1.05 to 1.27 (Fig. la, Table 3), with an 
average of 1.17+0.07. This difference in concentration is 
significantly larger than the analytical uncertainty of about 
+2%. Thus, the frequency distribution of the occurrence of 
samples at various (Fe-238U/Chelex-238U) is bimodal (Fig. la) . 
In the open ocean waters, the concentration ratios fall within 
a narrow range centered around 1. In coastal waters, they 
spread out over a wider range centered around a ratio 
significantly above 1 .
The (Chelex-238U/S) and (Fe-238U/S) in these coastal waters 
ranged from 0.035 to 0.062 dpm/psu and from 0.042 to 0.065 
dpm/psu respectively (Table 3, Fig. 2a, 2b) . The average
values were 0.050+0.009 and 0.058+0.009 dpm/psu. These values 
are only 78% and 89% of the corresponding values estimated for 
the open oceans in this study and 73% and 84% of that of the 
world ocean estimated from the data of Ku et al. (1977) . 
These differences are quantitatively significant and suggest 
that Chelex-U and Fe-U are non-conservative in these coastal 
waters. The range of values for (Chelex-238U/S) and (Fe-238U/S)
39
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
are much wider in the coastal waters than in the open ocean 
waters.
The concentration of DOC in our samples ranged from 0.59 
mg-C/L in the North Atlantic to 5.01 mg-C/L in the Ramshorn 
Lagoon. The (Fe-^U/Chelex-23̂ ) are higher in the samples with 
higher concentrations of DOC (Fig. 3a) . This positive 
correlation between (Fe-^U/Chelex-23̂ ) and DOC, the decrease 
in (Fe-^U/Chelex-^U) towards unity and the concomitant 
increase in (Chelex-238U/S) and (Fe-238U/S) from the coastal 
waters to the open ocean waters are consistent with the notion 
that Chelex-U represents inorganic plus weakly bound uranium 
while Fe-U represents inorganic plus a variable fraction of 
"organic" uranium. In open ocean waters, the concentration of 
DOC is low and the amount of "organic" uranium present may be 
negligible so that Chelex-238U and Fe-238U may approach the 
concentration of total dissolved uranium. As a result, both 
methods yielded almost identical results. Thus, (Fe- 
^U/Chelex-23̂ ) was close to unity and (Chelex-238U/S) and (Fe- 
^U/S) were high. In coastal waters, the concentration of DOC 
is higher. The amount of "organic" uranium becomes 
quantitatively significant. If "organic" uranium is not 
extracted by chelating ion exchange chromatography and 
partially extracted by iron hydroxide co-precipitation for 
analyses, the concentration of Fe-U in coastal waters will be 
higher than the concentration of Chelex-U, resulting in 
elevated (Fe-238U/Chelex-238U) and a lower (Fe-238U/S) and
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(Chelex-^U/S). Since the exact amount of "organic" uranium 
extracted may depend on the amount and nature of the "organic" 
uranium present and the exact experimental conditions used in 
the co-precipitation and these factors may vary from sample to 
sample, the difference in concentration between Fe-U and 
Chelex-U may be variable and a relatively wide range of (Fe- 
^U/Chelex-23̂ ) , (Fe-^U/S) and (Chelex-238U/S) were observed in 
the coastal water.
UV-U and "Organic" Uranium
The efficiency of our UV-oxidation unit for mineralizing 
DOC was tested by irradiating a sample of marine water for up 
to 8 hours, withdrawing sub-samples hourly and analyzing these 
sub-samples for DOC by the method of Menzel and Vaccaro 
(1964). The concentration of DOC dropped abruptly during the 
first two hours of irradiation and reached an approximately 
constant level after 5 hours of irradiation (Fig. 4) . By 
then, about 90% of the DOC has disappeared. We have chosen 
a time for irradiation of 7 hours for this study to ensure 
maximum oxidation of DOC.
UV-238U was analyzed in triplicate in the sample of 
artificial seawater and North Atlantic water that were also 
analyzed for Chelex-238U and Fe-238U (Table 2) . In both cases, 
the concentration of UV-238U was indistinguishable from Chelex- 
^U and Fe-238U within analytical uncertainties. Furthermore, 
UV-23̂  could be determined with a high degree of precision of
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+0.6% in artificial seawater and +4% in seawater. Thus, UV 
irradiation does not affect the subsequent determination of 
uranium in the sample of seawater.
UV-a8U was determined in all 13 samples of open ocean 
waters and 1 2 samples of coastal waters that were also 
analyzed for Chelex-238U and/or Fe-23̂  (Table 3) . In most 
samples, the concentration increases in the sequence: Chelex- 
M8U < Fe-238U < UV-238U. Any deviation from this trend may be 
explained by the analytical uncertainties of the methods. 
This progressive increase in concentration is consistent with 
the suggestion that UV-irradiation converts "organic” uranium 
to the readily analyzable inorganic uranium. The difference 
in concentration between Chelex-U and UV-U may then represent 
"organic" uranium. It should be noted that, following the 
recent reports of Suzuki et al. (1985) and Sugimura and Suzuki 
(1988), there is a prevailing view that wet chemical oxidation 
by UV irradiation may not be able to mineralize dissolved 
organic matter quantitatively. However, the magnitude of this 
underestimation is still an unsettled issue (Williams, 1991). 
Furthermore, the underestimation may be element-dependent so 
that the underestimation of, for example, DOC and dissolved 
organic nitrogen, may not be the same (Walsh, 1989; Williams, 
1991). How an incomplete oxidation of organic matter by UV- 
oxidation would affect the estimation of "organic" uranium 
will be determined by the completeness of the oxidation and 
the distribution of the "organic" uranium between the UV-
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oxidizable and the UV-resistant organic matter. If "organic" 
uranium is uniformly distributed in the UV-oxidizable and UV- 
resistant material, there will be an underestimation that is 
directly related to the underestimation of DOC. On the other 
hand, if the "organic" uranium is found only in the UV- 
oxidizable material, then, the incomplete oxidation of DOC 
would have no impact on this study. Thus, at worst, the 
concentration of "organic" uranium estimated here represents 
a lower limit. In view of the accuracy and precision in the 
determination of Chelex-238U and UV-238U, "organic" uranium 
probably can be determined with a detection limit of about 
0.15 dpm/L.
In the open ocean waters, (UV-238U/Chelex-238U) ranged from 
0.99 to 1.09 (Table 3, Fig. lb). Out of the 13 samples, the 
ratio was less than 1 in only two samples and greater than
1.05 in one sample. The average ratio was 1.03+0.03. Thus, 
the difference in the concentration between UV-238U and Chelex- 
238U was systematically positive but too small to be detected 
precisely and readily. If "organic" uranium is present in 
these samples, it probably amounts to no more than several 
percents of total dissolved uranium. The largest difference 
in concentration between UV-238U and Chelex-238U in the open 
ocean waters was 0.23 dpm-238U/L. The (UV-238U/S) ranged from 
0.058 to 0.072 dpm/psu with an average of 0.066+0.007 dpm/psu 
(Table 3, Fig. 2c). This average value agrees well with the 
value of 0.069+0.004 dpm/psu for the world ocean (Ku et al.,
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1977) .
On the other hand, in the 12 samples of coastal waters 
where the concentration of DOC was higher, (UV-238U/Chelex-238U) 
was much higher. It ranged from 1.14 to 1.83 with an average 
of 1.37+0.17 and the (UV-238U/Chelex-238U) increased with 
increasing concentration of DOC (Fig. 3b) . Thus, in these 
coastal waters, the concentration of "strongly bound1 uranium 
is significant and can be comparable to the concentration of 
Chelex-U. On an average, about a quarter of the total 
dissolved uranium was present as "organic" uranium which may 
not be detected by the methods presently in use. The 
concentration differences between uv-238u and Chelex-238U ranged 
from 0.07 to 0.88 dpm-238U/L and were often significantly 
larger than the analytical uncertainties. The (UV-238U/S) in 
the coastal waters ranged from 0.048 to 0.089 dpm-238U/psu with 
an average of 0.068+0.009 dpm-238U/psu (Table 3, Fig. 2c). The 
average value is indistinguishable from that estimated for the 
open ocean waters in this study and that estimated for the 
world oceans (Ku et al., 1977) even though the average 
(Chelex-U/S) and (Fe-U/S) in these coastal water were 
significantly lower than the value for the open ocean waters 
and the world oceans. This suggests that while Chelex-U and 
Fe-U is non-conservative, UV-U may be conservative.
The concentration ratio of uv-238U to Fe-238U, or (UV- 
^U/Fe-^U) , ranged from 0.97 to 1.09 with an average of 1.02 
in the open ocean waters and 1.00 to 1.48 with an average of
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1.18 in coastal waters (Fig. lc, Table 3). Thus, although 
iron hydroxide co-precipitation may extract more uranium, 
presumably "organic" uranium, from seawater for analyses than 
chelating ion exchange chromatography, the efficiency is not 
quantitative and may not be constant from sample to sample.
Implications on previous studies
In most of the previous studies, either the 
concentrations of Chelex-U or Fe-U were determined. In the 
samples analyzed in this study, the concentrations of Chelex- 
U, Fe-U and UV-U are all comparable to each other in open 
ocean waters. At the most, there may be a systematic 
underestimation of 1 to 2% when Chelex-U and Fe-U are 
reported. Given the inherent analytical uncertainties, such 
an underestimation is insignificant. If this is the general 
behavior of uranium in the oceans, it implies that the 
concentration of "organic" uranium in the open oceans is small 
so that the concentrations of Chelex-U and Fe-U may be used 
more or less interchangeably as presently practiced. However, 
since the number of samples analyzed in this study was small 
and they were collected within a relatively small area of the 
oceans and within a short period of time, such a 
generalization is possible but may not yet be warranted. If 
coastal marine waters are analyzed, the concentrations of 
Chelex-U and Fe-U must be treated separately. Although 
Chelex-U does not represent total dissolved uranium, it may be
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considered as a chemically and operationally defined fraction 
of dissolved uranium. Fe-U also does not represent total 
uranium. However, if iron hydroxide co-precipitation removes 
variable quantities of dissolved organic material from the 
sample depending on the nature of the organic compounds 
present and the exact experimental conditions, it may not 
represent an internally consistent set of data.
It should be pointed out that in the determination of 
Chelex-U in this study, the yield tracer, 236U, was added to 
the sample after it has been passed through the ion exchange 
column to ensure that only inorganic and weakly bound uranium 
was determined. For other investigators, the yield tracer may 
be added before a sample is passed through an ion exchange 
column. Since the uranium in the yield tracer is in the 
inorganic form, isotopic exchange between the inorganic yield 
tracer and "organic" uranium may become possible. The extent 
to which an isotopic equilibrium may be reached between the 
yield tracer and the "organic" uranium is unknown. If there 
is no isotopic exchange at all, then, the order in which the 
yield tracer is added is immaterial. Both methods will give 
essentially the concentration of inorganic and weakly bound 
uranium. If a complete equilibrium is reached, then, the 
latter method may yield the true value for dissolved uranium 
in the sample even if "organic" uranium is present. Some 
variable intermediate value may result if the rate for the 
exchange reaction is slow and it varies with the exact
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experimental conditions so that isotopic exchange may have 
proceeded but an equilibrium is yet to be reached.
Some of the presently held views on the behavior of 
uranium in estuarine and coastal waters may have to be re­
examined in order to take its speciation into consideration. 
For example, the conservative or non-conservative behavior of 
uranium during estuarine mixing (Borole et al., 1982; Figures 
et al., 1982; Cochran, 1984), may need to be re-defined with 
respect to the species of uranium to which it is applicable. 
If (UV-U/S) remains constant while (Chelex-U/S) and (Fe-U/S) 
vary in an estuary, the non-conservative behavior of Chelex-U 
and Fe-U may only reflect the interconversion among different 
pools of dissolved uranium in the estuary. Similarly, the 
riverine input of uranium to the oceans may also need to be 
re-defined. The present estimate is most likely an 
underestimation for total uranium. The concentration of DOC 
and thus "organic" uranium, which might have escaped 
detection, are expected to be high in river waters.
2.5 Conclusions
While uranium in open ocean water may be pre-concentrated 
with similar efficiency by chelating ion exchange 
chromatography using Chelex-100 resin (Chelex-U) and by co­
precipitation with iron hydroxide without (Fe-U) or with (UV- 
U) prior irradiation with UV light, in coastal waters which 
contain high concentrations of DOC, these methods give
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significantly different results. The concentration usually 
increases in the order of: Chelex-U < Fe-U < UV-U. Since 
previous results reported were invariably Chelex-U and Fe-U, 
they must be interpreted and compared to each other with care. 
While Chelex-U probably represents only inorganic and/or 
weakly bound uranium, UV-U will also include oxidizable 
"organic" uranium. Fe-U may represent inorganic plus some 
variable fraction of "organic" uranium. The concentration of 
"organic" uranium may be determined as the difference in the 
concentration of UV-U and Chelex-U. This fraction is sizable 
in coastal waters and may reach concentrations that are 
comparable to that of Chelex-U.
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Average 4.28±0.04 3.24+0.07 24+2
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m U added 5.04 5.04
B8U found 4.85 4.81
4.89 4.96
4.80 4.82
Average a8U 4.85+0.05 4.86+0.08
B. North Atlantic water - no added 238U 
238U found 2.12 2.28
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Table 2.3 The concentration of Chelex-238U, Fe-238U and UV-238U in open 
ocean waters and coastal waters**.
sal DOC C-U Fe-U UV-U C-U Fe-U UV-U Fe-U UV-U UV-U
S S S C-U C-U Fe-U
psu mg/L dpm/L dpm/psu
















































































































































Coastal Waters - 
12.70 3.37 0.69 
11.68 4.28 0.65 
12.55 4.14 0.56 
13.38 4.41 0.52 
15.99 3.98 0.91
Chesapeake Bay 
n.d. 0.94 0.054 
0.78 0.78 0.056 
0.66 0.81 0.045 

















































Coastal Waters - 
18.50 4.40 0.95 
15.81 4.51 0.67 





































Coastal Waters - 
32.46 5.01 2.02
Ramshorn Lagoon 
2.12 2.90 0.062 0.065 0.089 1.05 1.44 1.37
# - Average of 3 determinations.
* - Average of 2 determinations.
** - C-U - Chelex-238U; Fe-U - Fe-238U; UV-U - UV-238U; S - salinity.
Analytical uncertainty is <+4% as shown in Table 2. 
n.d. - no data.
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Fig. 2.1 The distribution of the frequency of occurrence 
of the activity ratios of (a) Fe-^U/Chelex-238!!, (b) UV- 
238U/Chelex-238U and (c) UV-238U/Fe-238U in open ocean waters 
from the North Atlantic and in coastal waters from the 
James River estuary, Chesapeake Bay and the Ramshorn 
Lagoon.
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Fig. 2.2 The distribution of the frequency of occurrence 
of the 238U to salinity ratios of (a) Chelex-238U, (b) Fe- 
238U and (c) UV-238U in open ocean waters from the North 
Atlantic and in coastal waters from the James River 
estuary, Chesapeake Bay and the Ramshorn Lagoon.
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Fig. 2.3 The relationship between (a) the concentration 
ratio of Fe-^U/Chelex-238!! and DOC and (b) UV-^U/Chelex- 
a8U and DOC.
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Fig. 2.4 The relationship between percent of 
destroyed and the time of irradiation with UV light
DOC
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Chapter 3: The Determination of Organic Uranium in Natural 
Waters
3.1 Abstract
The concentration of organic uranium was determined in a 
variety of marine environments. Organic uranium, as described 
previously in Chapter 2, represents the difference between the 
UV-oxidized uranium (UV-23̂ ) and Chelex-100 separated uranium 
(Chelex-238U) . In open ocean water, no organic uranium, within 
the detection limit of the method, was measured. In coastal 
waters, however, organic uranium was found to constitute from 
25 to 45 percent of the UV-238U measured. Organic uranium (as 
a percent of uv-238U ) was found to be strongly correlated with 
the concentration of dissolved organic carbon (D.O.C.), with 
a correlation coefficient of 0.80. However, when correlated 
against salinity, the relationship was very poorly defined, 
with a correlation coefficient of 0.26. This data suggests 
that the concentration of organic uranium is influenced more 
by the concentration of dissolved organic material than by 
salinity. The formation of organic uranium may also explain 
the observed non-conservative behavior exhibited in certain 
coastal waters.
3.2 Introduction
The concentration of uranium has been studied extensively 
in the marine environment (Gascoyne, 1982) . Since 238U and 235U
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are the parents of the uranium decay series, they ultimately 
influence the geochemical behavior of many of the daughter 
products used to determine geochemical processes. Thus, it is 
important to have an understanding of the distribution and 
geochemistry of these uranium isotopes.
The concentration of uranium has been shown to be exhibit 
conservative behavior in seawater, with a uranium to salinity 
ratio of 9.34 +/-0.54 xlO'8 gU/ppt (Ku et al, 1977). This ratio 
has also been shown to hold true for the majority of coastal 
waters, although there have been reports of non-conservative 
behavior of uranium in certain estuarine systems (Maeda and 
Windom, 1982; Cochran, 1984; Todd et al, 1988). It has been 
suggested that this discrepancy may be due to the association 
of uranium with organic ligands and their preferential removal 
from the water column (Cochran, 1984). However, the only 
known occurrence of organic uranium was reported by Sugimura 
and Mayeda (1980), and their results have been questioned by 
Mackey (1982).
By using the method devised in Chapter 2 to determine 
organic uranium, surface samples were obtained from a variety 
of marine environments. These samples ranged from open ocean 
water, with a high salinity and low D.O.C. concentration, to 
river water, with a low salinity and high D.O.C. 
concentration. The concentration of organic uranium in these 
environments and its relationship to salinity and D.O.C. 
levels are reported here.
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3.2 Experimental 
Reagents
All chemicals used were A.C.S. reagent grade.
Chelex-100 and AGlx8 resins (100-200 mesh) were obtained 
from BioRad in the sodium and chloride form, respectively. The 
bed volume of the chelex column was 5 ml (0.6 cm diameter x 17 
cm). The Chelex-100 was conditioned to pH 4 with O.lmM HCL. 
The AGlx8 resin was maintained in the chloride and nitrate 
forms by using hydrochloric acid and nitric acid, 
respectively. The bed volumes for the AGlx8 were 11 ml (1cm 
dia. x 14 cm) and 6 ml (0.6 cm dia x 20 cm) for the chloride 
and nitrate forms, respectively.
A solution of 236U yield tracer, with a specific activity 
of 11.27 dpm/ml, was prepared from 236U3Og provided by Oak Ridge 
National Laboratory (Batch 201DR2) . This tracer was 
standardized against a uranium solution prepared from U3Og with 
a known isotopic composition supplied by the National Bureau 
of Standards (NBS SRM 950B).
The carrier solution of iron (10 mg of Fe/ml) was 
prepared from FeCl3x6H20 in 2M HCL and filtered through a 0.45 
urn Nuclepore membrane filter.
For more detail into column preparation and 236U tracer 
calibration, please see Appendix A.
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Equipment
A model 7829 Ace Glass UV oxidation platform, with a 700 
watt mercury vapor lamp, was used for the UV oxidation of 
organic material. A quartz cooling jacket around the lamp 
prevented the samples from boiling.
Counting of samples was by alpha spectrometry using two 
model 576 EG&G Ortec alpha spectrometers, an EG&G Ortec model 
1247 four input multiplex router and a Tracor Northern Model 
7200 2000 channel multichannel analyzer. Data output was via 
a microcomputer.
Electroplating was carried out in teflon plating cells as 
described by Anderson and Fleer (1982).
An Oceanography International total carbon analyzer was 
used for the determination of dissolved organic carbon.
3.4 Methods
Surface water samples were collected from the North 
Atlantic Ocean, Southern Chesapeake Bay, the James River, and 
Ramshoorne Lagoon. The samples were filtered through an in­
line Gelman 0.45 urn filter and stored in clean 1L polyethylene 
bottles. Samples were processed within 48 hours of return to 
the laboratory. Atlantic Ocean samples were separated on the 
ship and the fractions analyzed upon return. Organic uranium 
was determined by the method described in Chapter 2. Briefly, 
inorganic uranium (Chelex-238U) was determined by passing the 
sample at pH 4 through a prepared Chelex 100 column. The
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inorganic uranium was then eluted with O.lmM HCL. Iron 
hydroxide coprecipitation samples (Fe-238U) were treated with 
an iron carrier, boiled to remove C02, and then precipitated 
by increasing the pH of the sample to > 9 with conc. NH4OH. 
Total uranium (UV-238U) was measured by exposing the sample to 
UV radiation for 7 hours and then precipitating the uranium 
with iron hydroxide. After separation, all samples were passed 
through AGlx8 anion exchange columns in the chloride and 
nitrate forms to remove interfering cations and anions. The 
purified uranium samples were then electroplated onto silver 
disks and the activity of the isotopes measured by alpha 
spectroscopy. Organic uranium was determined by taking the 
difference between the Chelex-238U and UV-238U concentrations.
The concentration of dissolved organic carbon (D.O.C.) 
was determined by the persulfate oxidation method of Menzel 
and Vaccaro (1964).
3.5 Results and Discussion
The concentration of D.O.C., Chelex-238U, UV-238U, Fe-238U, 
and organic uranium for the various water bodies studied are 
shown in Table 3.1. The concentration of uv-238U uranium was 
typically equal to or higher the other two methods. Chelex-238U 
concentrations were significantly lower, especially in coastal 
waters, and Fe-238U uranium tended to have concentration values 
between the other two methods. All three methods had 
statistically similar recoveries in the open ocean waters,
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varying by no more then 4.8%. The Uranium to Salinity ratio of 
all three methods fell within the range reported by Ku et al 
(1977) of 9.34 +/- 0.56 x 10-8 gU/ppt. Thus, in open ocean 
waters, if organic uranium is present, it's concentration is 
to low to be detected by this method. The effect that such a 
low concentration would have appears to be negligible, 
allowing any of the three methods to be employed.
For coastal waters, the concentrations showed vastly 
different results. The difference between the uv-238U 
concentration and that of the Chelex-238U was always the 
largest, in some cases by as much as 45 percent. The 
difference between the Fe-238U uranium and UV-238U was not as 
pronounced, but differences still ranged up to 25 percent. 
Since Chelex-238U has been shown to retain only the inorganic 
and weakly bound uranium, the difference between the Chelex- 
238U and the UV-238U uranium must be representative of organic 
and/or strongly bound uranium. Also, the higher Fe-238U 
concentrations in coastal waters are probably due to the 
removal of some of organic uranium present during 
coprecipitation, as shown in Chapter 2.
The concentration of D.O.C. was higher in the coastal 
water samples then in the open ocean water samples. The 
highest value was found in the lagoonal sample. These values 
were typical of those reported by other investigators (Collins 
and Williams, 1977; Gershey et al, 1979). The concentration of 
organic uranium followed a pattern similar to that of organic
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carbon. The concentration of organic uranium was higher in 
coastal waters then in open ocean water. No organic uranium, 
within the detection limit of our methods, was found at either 
of the two open ocean station. Organic uranium was found in 
significant quantities in the Chesapeake Bay, James River, and 
Ramshoorne Lagoon samples. The values ranged from a low of 
0.07 dpm/1 in the river to a high of 0.88 dpm/1 in the lagoon 
sample. These values may represent an underestimation of the 
total amount of D.O.C. actually present, as discussed in 
Chapter 2, based upon recent findings by Suzuki et al (1985) 
and Sugimura and Suzuki (1988) . If the organic uranium is 
associated with UV-resistant material, then there will be an 
underestimation of organic uranium based on the 
underestimation of the D.O.C. If the organic uranium is bound 
on UV-oxidizable material, then there should be no effect seen 
by this study. Therefore, at the most, the concentration of 
organic uranium and its association with D.O.C. will represent 
a lower limit. The relationship between D.O.C. and organic 
uranium was determined by normalizing organic uranium as a 
percent of the UV-238U and plotting it against D.O.C.. The 
results are shown in Fig. 3.1. A correlation coefficient of 
0.80 was found between the D.O.C. and organic uranium (%), 
indicating a relatively strong dependence of organic uranium 
on the D.O.C. concentration. Organic uranium (%) can be 
calculated from the D.O.C. concentration via the following 
equation:
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org U(%) = (7.53 +/- 1 .83)D.0.C. + (-2.89 +/- 8.51)
The increase of elemental-organic association as the 
concentration of D.O.C. increases has been reported for other 
elements, such as selenium, by other investigators 
(Takayanagi, 1982) . This may explain the absence of organic 
uranium in the open ocean samples, since they typically have 
very low D.O.C. concentrations when compared to coastal 
waters.
The Chelex-238U concentration was normalized to the uv-238U 
uranium concentration and plotted against D.O.C.. The graph is 
shown in Fig. 3.2. Again, an excellent correlation coefficient 
of 0.81 was observed. As the concentration of D.O.C. increases 
from 0.5 to 5.0 mg C/1, the ratio of Chelex-238U to uv-238U 
uranium decreases, from 1.0 to 0.75. This decrease is 
indicative of either a reduction in the concentration of 
inorganic or weakly bound uranium or an increase in the amount 
of organically bound uranium present. Since the concentration 
of uv-238U was actually larger then the Chelex-238U, the amount 
of organically bound uranium must be increasing in proportion 
to the increase in D.O.C.. This same trend can be seen if the 
Fe-238U is normalized to UV-238U and then plotted against D.O.C. 
(Fig. 3.3). The relationship is not nearly as pronounced (R2 
= 0.49), since Feppt has been shown to remove a variable 
amount of the D.O.C. material present (Chapter 2), and 
accordingly, a more variable amount of organic uranium from a 
given sample.
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The influence of salinity changes on the formation of 
organic uranium was also determined. Organic U (%) was plotted 
against salinity and is shown in Fig. 3^4. The concentration 
of Organic U (%) does not appear to be driven by salinity, 
although as the salinity increases, the concentration of 
organic uranium (%) tends to decrease slightly. This trend 
suggests that the formation of organic uranium may be more 
dependent on the concentration of dissolved organic matter 
then the salinity concentration, as has previously been 
reported for uranium (Ku et al 1977) . This may explain the 
reporting of non-conservative behavior of uranium in certain 
estuary (Maeda and Windom, 1982; Todd et al, 1988) . Since 
these investigators used iron hydroxide coprecipitation to 
measure uranium, a fraction of the organic uranium, if 
present, may not have been measured. This would lead to the 
underestimation of the uranium concentration and the 
appearance of non-conservative behavior.
3.6 Conclusions
Organic uranium was detected in esturine, river, and 
lagoonal water, but was not detected within analytical 
uncertainty in ocean water. From 25-45 percent of the total 
uranium (UV-238U) was found to be associated with organic 
material in the coastal samples. Iron hydroxide 
coprecipitation was found to remove not only the inorganic 
uranium present, but up to 25% of the organic uranium as well.
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Organic uranium (as percent of total) showed an excellent 
correlation with D.O.C., but not with salinity. This indicates 
that the concentration of organic uranium is probably 
influenced more by the concentration of D.O.C. then by the 
salinity.
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Table 3.1 Station Data and Uranium Concentrations for North Atlantic, Chesapeake Bay, James River, 















N.Atlantic A 37 15.30N 74 55.30W 32.17 0.61 2.05 2.06 1.96
N. Atlantic B 32 00.00N 75 00.00W 36.57 0.65 2.21 2.26 2.29
Chesp.Bay A 37 44.00N 76 11.25W 13.38 4.41 0.52 0.95 0.64
Chesp. Bay B 37 06.85N 76 0730W 18.87 4.23 0.92 1.22 1.17
James River 37 10.35N 76 39.06W 5.19 4.78 0.18 0.25 0.22
James River 37 05.60N 76 36.76W 12.06 4.72 0.60 0.85 0.66
Ramshoorne
Lagoon
37 22.50N 75 53.00W 32.46 5.01 2.02 2.90 2.12
Water Type L a t Long. Salinity D.O.C. Organic-238 Organic 238U Chelex-238U/ Feppt-238U
(degrees) (degrees) (PPO (mgC/1) (dpm/1) (%) UV-238U UV-238U
N.Atlantic A 37 1530N 74 55.30W 32.17 0.61 0.01 0.49 1.00 0.95
N.Atlantic B 32 00.00N 75 00.00W 36.57 0.65 0.05 2.21 0.98 1.01
Chesp.Bay A 37 44.00N 76 11.25W 13.38 4.41 0.43 45.26 0.55 0.67
Chesp. Bay B 37 06.85N 76 0730W 18.87 4.23 0.30 24.59 0.75 0.96
James River 37 10.35N 76 39.06W 5.19 4.78 0.07 28.00 0.72 0.88
James River 37 05.60N 76 36.76W 12.06 4.72 0.25 29.41 0.71 0.78
Ramshoorne 37 22.50N 75 53.00W 32.46 5.01 0.88 30.34 0.70 0.73
Lagoon
Figure 3.1 Concentration of D.O.C. versus 
Orgainc Uranium (as percent of total). Line 
represents least square fit, with R2 =0.808, y- 
intercept = -2.90 +/- 8.52, and slope = 7.53 
+/- 1.84.
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Figure 3.2 Concentration of D.O.C. versus 
Chelex-238U/UV-238U. Line represents least square 
fit, with R2 =0.808, y-intercept = 1.03 +/- 
0.07, and slope = -0.074 +/- 0.016
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Figure 3.3 Concentration of D.O.C. versus Fe- 
“Hj/UV-238!!. Line represents least square fit, 
with R2 = 0.491, y-intercept = 1.02 +/- 0.10, 
and slope = -0.046 +/- 0.021













1.0 3.0 5.0 6.00.0 2.0 4.0
Dissolved Organic Carbon (mg C/I)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 3.4 Concentration of Salinity versus 
Organic Uranium (as percent of Total). Line 
represents least square fit, with R2 = 0.264, 
y-intercept = 43.26 +/- 14.42, and slope = - 
0.92 +/- 0.05
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Chapter 4: The Occurrence of organic uranium in the North 
Atlantic and the Chesapeake Bay 
4.1 Abstract
The concentration of organic uranium was determined with 
depth for stations in the North Atlantic and the Chesapeake 
Bay. Profiles in the Bay were obtained during the late spring 
and winter months. Organic uranium may be present in the open 
ocean in very small quantities (<3% of the total uranium) . 
Within the detection limit of this method, no discernable 
trend was observed for the formation of organic uranium with 
depth. This data is contrary to that reported by Sugimura and 
Myeda (1980) for the Pacific Ocean. In the Chesapeake Bay, 
organic uranium was found to account for up to 26% of the 
total uranium (UV-238U) in the surface waters. The 
concentration of organic uranium was found to decrease with 
depth in both the late spring and winter profiles, becoming 
undetectable at a depth of about 10 meters. Organic uranium 
(as % of Total) was higher in the surface waters during the 
winter than during the early spring. The formation of organic 
uranium is probably influenced more by inorganic uranium 
(Chelex-23*U) binding with organic ligands present in river 
waters then by biological mediation.
4.2 Introduction
The concentration of uranium has been extensively
71
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studied, both horizontally and vertically, in seawater over 
the last 40 years. It has been shown that the concentration 
of uranium in seawater is relatively constant, ranging from 2 
to 4.5 ng/1 with and average of 3.4 fJ.q/1 (Ku et al, 1977; 
Sugimura and Mayeda, 1980) . Due to its long residence time (4- 
5 x 10s years) in sea water, the concentration of uranium is 
expected to be more or less uniformly distributed in the 
worlds oceans. However, Miyake et al (1970) showed that the 
concentration of uranium varied by as much as 25% in the 
Pacific Ocean, depending on depth and location. These 
investigators suggested that the variation may be caused by 
the formation of "organic" uranium by biological activity. 
They based their assumption on the fact that uranium was found 
to be concentrated in marine plankton and algae by factors of 
48 to 260 and 10 to 733, respectively. The only known 
measurement of organic uranium in marine waters was reported 
by Sugimura and Mayeda (1980). They used a hydrophobic cross- 
linked polystyrene resin, Amberlite XAD-2, to determine the 
concentration of organic uranium present in the Pacific Ocean. 
Up to 20% of the total uranium present was found to be in the 
organic form, with an average of 8 +/- 6 percent. The
concentration of organic uranium decreased down to a depth of 
about 500 meters, at which point it became undetectable.
The use of Amberlite XAD-2 for the quantitative 
measurement of organically bound metals has been questioned by 
Mackey (1982). He found that the absorption of organo-metal
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complexes was not reproducible, and that absorbed organic 
compounds became attachment sites for many inorganic metals. 
Therefore, the reporting of organic uranium in ocean water by 
Sugimura may be due to an analytical artifact.
Profiles of organic uranium in the Atlantic Ocean and the 
Chesapeake Bay were determined by the method described in 
Chapter 2. Samples in the Chesapeake Bay were collected in 
both the summer and winter months to determine temporal 
effects on the concentration of organic uranium. Our results 




All chemicals used were of A.C.S. reagent grade.
Chelex-100 and AGlx8 ion exchange resins (100-200 mesh 
size) were obtained from BioRad in the sodium and chloride 
form, respectively. The Chelex-100 columns contained a bed 
volume of 5 ml (0.6 cm diameter x 17 cm ) and were conditioned 
to pH to 4 with 0.1 mM HCL. The AGlx8 anion exchange resin was 
maintained in the chloride and nitrate forms by equilibrating 
the columns with hydrochloric and nitric acids. The bed volume 
for the chloride column was 11 ml (1 cm diameter x 14 cm) and 
for the nitrate column was 6 ml (0.6 cm diameter x 20 cm).
A solution of 236U yield tracer, with a specific activity 
of 11.27 dpm/ml, was prepared from an enriched 236U308 ore
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provided by Oak Ridge National Laboratory (Batch 201DR2). This 
tracer was standardized against a uranium solution prepared 
from the digestion of a U3Og standard reference material 
supplied by the National Bureau of Standards (NBS SRM 950B) .
The iron carrier solution, consisting of 10 mg Fe+3/ml, 
was prepared by dissolving FeCl3x6H20 in 2M HCL and then 
filtering through a 0.45 /xm Nuclepore membrane filter.
For more information on the preparation of ion exchange 
columns and the calibration of the U-236 tracer, please see 
Appendix A.
Equipment
An Ace Glass model 7829 UV oxidation platform, with a 700 
watt mercury vapor lamp, was used for the oxidation of the 
organic material. Organic free water, circulating through a 
quartz cooling jacket around the lamp, prevented the samples 
from boiling.
Counting of the samples was by alpha spectrometry using 
two EG&G model 576 alpha spectrometers, a Tracer Northern 
model 1247 four input multiplexor router, and a Tracer 
Northern model 7200 2000 channel analyzer. Data out was via a 
microcomputer.
Electroplating was carried out in teflon plating cells as 
described by Anderson and Fleer (1982).
An Oceanography International total carbon analyzer was 
used for the determination of dissolved organic carbon.
74
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Methods
Open ocean water sample were collected from the North 
Atlantic aboard the R/V Cape Hatteras from October 24th to 
November 9th, 1989. Samples were collected with 30 liter Go- 
Flo bottles attached to a hydrowire and filtered through an 
in-line 0.45 /xm Gelman filter using a peristaltic pump. 
Filtered samples were placed in clean, 1 liter polyethylene 
bottles. Chelex-a8U and Fe-a8U uranium samples were 
preconcentrated within 48 hours and stored for analysis back 
at the laboratory. UV-238U uranium samples were adjusted to pH 
2 with HCL, spiked with a 236U tracer, and stored for latter 
analysis. Chesapeake Bay samples were collected during two 
cruises, one in February of 1988, and the other in May of 
1990. The same location was sampled during both cruises. 
Samples were collected with a peristaltic pump system and 
filtered through an in line 0.45 /xm Gelman filter. Filter 
samples were stored in clean 1 liter polyethylene bottles and 
analyzed within 48 hours of return to the laboratory.
Uranium was determined by the method described in Chapter 
2. Briefly, Chelex-238U (inorganic uranium) was determined by 
passing a sample at pH 4 through a Chelex-100 column adjusted 
to the same pH. The chelex-238U was eluted from the column with 
6M HCL. For iron hydroxide coprecipitation uranium (Fe-238U), 
the method of Ku et al (1977) was employed. The sample was 
treated with an iron carrier and precipitated by increasing 
the pH > 9 with concentrated NH40H. UV-238U (Total uranium) was
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determined by exposing the sample to UV radiation for 7 hours 
and then precipitating the uranium with iron hydroxide. After 
preconcentration, all samples were passed through AGlx8 anion 
exchange columns in the chloride and nitrate forms to remove 
interfering cations and anions. The purified uranium samples 
were then electroplated onto silver disks and the activity of 
the isotopes measured by alpha spectroscopy. Organic uranium 
was determined by taking the difference between the Chelex-238U 
and the uv-238U concentrations.
The concentration of dissolved organic carbon (D.O.C.) 
was determined by the persulfate oxidation method of Menzel 
and Vaccaro (1964).
4.4 Results and Discussion
Open Ocean
The concentration of Chelex-238U, UV-238U, and Fe-238U, is 
shown with depth for three North Atlantic Ocean stations in 
Tables 4.1 and 4.2, and Figures 4.1 to 4.3. Uranium 
concentrations ranged from 2.00 to 2.60 dpm/1, with an average 
concentration of 2.23 +/- 0.18 dpm/1. This is in good
agreement with previously published values (Mayake et al, 
1966; Ku et al, 1977; Sugimura and Mayeda, 1980). As a whole, 
the distribution of uranium with depth was uniform, with only 
slight variations being noted due to changes in the salinity. 
This type of distribution is typical of uranium in the open
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ocean and has been reported by other investigators in other 
oceans (Ku et al, 1977; Sugimura and Mayeda, 1980). No 
significant difference was found between the two conventional 
preconcentration methods, Chelex-238U and Fe-^U, as has been 
noted for surface waters from the North Atlantic (Chapter 3) . 
This again indicates that the two preconcentrations methods 
can be used interchangeably when analyzing uranium in open 
ocean waters.
As can be seen in Tables 4.1 and 4.2, organic uranium may 
be present in very small quantities, typically less then 3 
percent of the total, in the waters of the Atlantic Ocean. 
Organic uranium was observed not only in the surface (station 
B), but also at depths as great as 100 meters (station A) . 
However, organic uranium is determined by difference, and the 
uncertainty in the Chelex-238U and UV-238U methods is 2.1 and 4.3 
percent, respectively. This difference may therefore simply be 
due to the analytical uncertainty inherent in the method. 
These profiles are in contrast to those reported by Sugimura 
and Mayeda (1980) for occurrence of organic uranium in the 
Pacific Ocean. In surface and intermediate waters, they 
reported up to 20% of the uranium was in the organic form. 
This difference may be attributed to the different methods 
employed in the determination of organic uranium. Sugimura and 
Mayeda (1980) used a hydrophobic cross-linked polystyrene 
resin, XAD-2, to directly preconcentrate organic uranium. 
However, the suitability of this resin to quantitatively
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measure organically associated trace elements has been 
questioned (Mackey, 1982). Since Chelex-100 has been shown to 
quantitatively measure inorganic uranium (Chapter 2), the 
reporting of such large values of organic uranium in the open 
ocean may be due to experimental error associated with the use 
of XAD-2 resin. However, the data set presented here is very 
limited, and other factors, such as season and a different 
ocean, need to be taken into consideration before any 
conclusions can be drawn.
Chesapeake Bay
Seasonal depth profiles for Chelex-238U, UV-238U, and Fe-238U 
for a station in the Chesapeake Bay are shown in Table 4.3 and 
Figures 4.4 and 4.5. Fe-238U samples were not collected during 
the winter of 1988. The concentration of uranium increased 
with depth, from an average of 0.77 dpm/1 at the surface to 
1.32 dpm/1 at depth. This increase is attributed to the 
increase in salinity due to the influx of seawater along the 
bottom of the bay. In both the summer and winter profiles, 
Chelex-238U was significantly lower at the surface then UV-238U 
and Fe-238U. The differences between the Chelex-238U, UV-238U and 
Fe-238U concentrations decreased until a depth of about 10 
meters, at which time the values became similar. The 
concentration of Chelex-238U was also lower at the bottom of 
the profile. Although Chelex-238U and Fe-238U gave similar 
results at depths greater than 10 meters in the summer
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profile, above this depth the methods were markedly different. 
This difference is similar to that observed for surface waters 
in coastal surface waters (Chapter 3) and may be due to the 
Feppt-238!! method removing a fraction of the organic uranium 
present in the sample. This again shows that caution must be 
used when comparing these two preconcentration methods, 
especially in surface coastal waters.
The concentration of organic uranium was highest at the 
surface in both the summer and winter profiles and then 
decreased to a minimum at 10 meters. Organic uranium was also 
found in significant quantities near the bottom of the depth 
profile. The winter surface concentration of organic uranium 
(0.25 dpm/1) was almost twice that measured for the summer 
(0.13 dpm/1), Organic uranium accounted for up to 26.6% of the 
total uranium for the winter sample, and up to 16.7% of the 
total uranium for the summer sample. These profiles are 
similar to those reported by Sugimura and Mayeda (1980) for 
the Pacific Ocean using XAD-2 resin. They attributed the 
formation of organic uranium to biological activity, possibly 
due to the incorporation of inorganic uranium by marine 
plankton. This does not seem to be the case for the Chesapeake 
Bay samples for two reasons. The first is that no significant 
quantities of organic uranium were found in the open ocean 
using this method. If the formation of organic uranium was 
biologically controlled, we would expect to see profiles 
similar to the Chesapeake Bay in the Atlantic Ocean, as the
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biological assimilation of the inorganic uranium occurs. 
Secondly, if the formation of organic uranium is biologically 
mediated, then we also might expect higher values in the late 
spring/early summer, due to an increase in marine organisms 
during the "spring bloom" (Riley and Chester, 1981). This was 
not the case in the Chesapeake Bay, were the concentration of 
organic uranium was actually lower in the surface waters 
during the late spring/early summer period. If these profiles 
were based upon simple dilution, in which the low salinity 
river water, high in organic uranium, is mixing in the estuary 
with high salinity, low organic uranium ocean water, then a 
plot of organic uranium versus salinity should yield a 
conservative plot. However, this is not the case, as shown in 
Chapter 3. The higher winter values of organic uranium are 
probably caused by the increased input of organic ligands to 
the river systems during that time. Since ground cover is 
typically at a minimum during the winter months, more organic 
ligands are carried into estuary from the drainage area 
(Brady, 1974) . Some of these organics have been shown to have 
a high affinity for forming complexes with uranium (Gascoyne, 
1982). Thus, the formation of organic uranium is probably not 
biologically mediated, but dependent on the concentration, and 
possibly type, of organic ligands present in the water column. 
If organic uranium is formed in the bay, then its residence 
time would have to much less then that of the ocean ( «  1000 
years; Broecker and Peng, 1982), since no organic uranium was
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found at the station off the coast. Another possibility for 
the difference between the inorganic and organic 
concentrations in the Chesapeake Bay may involve the kinetics 
of the conversion between these two phases. In the winter, the 
conversion may occur at a higher rate, thus allowing a higher 
fraction of the inorganic uranium to become associated with 
organic material. It is important to keep in mind that this 
data represents only two profiles, and more work is needed to 
definitively determine a mechanism for the formation of 
organic uranium.
4.5 Conclusions
Concentration profiles of organic uranium were measured 
in the North Atlantic and the Chesapeake Bay estuary. Organic 
uranium may be present in very small (< 3%) quantities in the 
open ocean. No trend was observed for the occurrence of this 
small amount of organic uranium with depth. These profiles 
differ from those reported by other investigators for the 
Pacific Ocean. In contrast to the open ocean profiles, organic 
uranium was found to constitute up to 26% of the total uranium 
in the surface waters of the Chesapeake Bay and decreased to 
undetectable levels at a depth of around 10 meters. No 
difference in profile shape was noted between samples taken in 
late spring and those obtained during the winter months. The 
formation of organic uranium is probably not biologically 
mediated, but due to the absorption of uranium onto organic
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ligands present in the riverine system.
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Table 4.1 Profile of Data for Open Ocean Station A, Lat. 42 59.57N, Long. 59 59.94W
Depth Salinity Temp. Organic C Chlx-238U UV-238U Fe-238U Org.-238U Org. U (%
(Meters) (PPt) (C) (mgC/l) (dpm/l) (dpm/l) (dpm/l) (dpm/l) 0s
2 32.13 13.70 0.72 2.15 2.17 2.13 0.02 0.92
5 33.20 13.80 0.66 2.12 2.14 2.07 0.02 0.93
10 32.39 13.88 0.62 2.21 2.27 2.21 0.06 2.64
25 32.63 14.15 0.64 2.17 2.25 No Data 0.08 3.56
50 33.20 8.42 0.58 2.07 2.06 2.10 -0.01 -0.49
100 33.92 5.46 0.61 2.11 2.18 2.18 0.07 3.21
300 34.85 5.74 0.62 No Data 2.18 2.12 No Data No Data
750 34.87 4.18 0.60 2.43 2.47 2.45 0.04 1.62
Figure 4.1 Chelex-^U, UV-238U, Fe-238U, and
Organic-238U concentrations vs. depth for Open 
Ocean Station A.
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Organic C Chlx-238U 
(mgC/l) (dpm/l)
Open Ocean Station B Lat. 36 28.83N Long. 70 46.33
5 36.46 25.03 0.66 2.40
75 36.63 22.50 0.59 2.32
225 36.56 19.37 0.51 2.54
Open Ocean Station C Lat. 37 15.45N Long.74 55.09W
2 32.17 16.31 0.61 2.05
16 32.16 16.49 0.54 1.96



















Figure 4.2 Chelex-238U, UV-238U, Fe-238U, and
Organic-238!! concentrations vs. depth for Open 
Ocean Station B.
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Figure 4.3 Chelex-238U, UV-238U, Fe-238U, and
Organic-238U concentrations vs. depth for Open 
Ocean Station C.
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Figure 4.4 Chelex-238U, UV-238U, and Organic-238U 
concentrations vs. depth for Chesapeake Bay, 
winter of 1988.
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Figure 4.5 Chelex-238U, UV-238U, Fe-238U, and
Organic-238U concentrations vs. for Chesapeake 
Bay, summer of 1990.
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Chapter 5 The Speciation of Colloidal Uranium in Natural 
Waters
5.1 Abstract
The concentration of Chelex-23̂ , UV-238!!, Fe-238!! and
organic colloidal uranium was determined for surface waters of 
the James River, Southern Chesapeake Bay, North Atlantic 
Ocean, and Ramshorne Lagoon. In the Chesapeake Bay, uv-238U was 
found to remove the colloidal uranium in the 5,000 to 10,000 
and > 10,000 NMW size range, while Fe-238U was primarily
removed in the > 10,000 NMW size range. Chelex-238U uranium did 
not significantly remove colloidal uranium in either of these 
size fractions. High molecular weight (HMW) organic colloidal 
uranium made up the majority (> 50%) of the organic uranium 
present in river water, while the other three fractions were 
dominated by low molecular weight (LMW) uranium. The 
concentration of colloidal uranium was generally lower and 
more variable in the Chesapeake Bay then that found in the 
James River, with HMW concentrations ranging from 7 to 30 
percent of the total uranium. No significant quantities of 
colloidal uranium were measured in the Atlantic Ocean. The 
concentration of colloidal uranium in all four fractions 
decreased with increasing salinity. This decrease is might be 
due to the flocculation of HMW colloidal compounds during 
estuarine mixing.
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5.2 Introduction
The speciation of an element in natural waters may be 
defined as the different physico-chemical forms in which that 
element occurs, the sum of which represents its total 
concentration in solution (Florence and Batley, 1980). These 
species may include, but are not limited to, free ions, ion 
pairs, organic and inorganic complexes, colloids, and 
particles (Stumm and Brauner, 1975). Although the total 
concentration of an element in the marine environment is 
typically determined, it has been shown that speciation 
studies of an element are important to understanding its 
geochemical cycle and biological interactions (Stumm and 
Brauner, 1975; Florence and Batley, 1980; Smies, 1983) .
Colloidal material typically has a size range of 1 nm to 
1 /m (Takayanagi and Wong, 1984), which is small enough to 
enable them to pass through a 0.45 /zm filter and thus be 
considered dissolved. Two distinct types of colloidal 
material, inorganic and organic, can be found in nature. 
Inorganic colloids are present almost exclusively as clay 
minerals, while organic colloids are composed of humus (Brady, 
1974) . Colloidal material has been shown to contain a net 
negative charge, and thus act to attract cations present in 
solution (Bradly, 1974).
The ability of dissolved metals to bind with colloidal
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material and form stable complexes in natural waters has been 
shown (Hasle and Abdullah, 1981; Amdurer et al, 1983; 
Takayanagi and Wong, 1984; Carlson et al, 1985). The 
concentration of uranium has been extensively studied in the 
marine environment over the last 25 years, occurring as a 
soluble inorganic complex (Miyake et al, 1970; Ku et al, 1977; 
Sugimura and Mayeda, 1980; Gascoyne, 1982) . However, there is 
some evidence suggesting that uranium may be present in the 
colloidal form. Using humic and fluvic acids in aqueous 
solutions, Li et al (1980) found that up to 53 percent of the 
uranium present formed colloidal complexes at pH 8. The 
occurrence of colloidal uranium has also been reported in 
natural samples. Sigleo and Helz (1981) found that up to 72 
percent of the dissolved uranium measured in the Patuxent 
River was associated with colloidal material which had a 
nominal molecular weight (NMW) greater then 2,000.
In this study, the concentration of colloidal uranium 
associated with Chelex-238U, UV-238U, Fe-23̂ , and organic uranium 
in river, estuarine, lagoon, and sea water was determined. The 
results are presented here.
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5.3 Experimental 
Reagents
All chemicals used were of A.C.S. reagent grade.
Chelex-238U-100 and AGlx8 ion exchange resins (100-200 
mesh size) were obtained from BioRad in the sodium and 
chloride form, respectively. The Chelex-238U-100 columns 
contained a bed volume of 5 ml (0.6 cm diameter x 17 cm ) and 
were conditioned to pH to 4 with 0.1 mM HCL. The AGlx8 anion 
exchange resin was maintained in the chloride and nitrate 
forms by equilibrating the columns with hydrochloric and 
nitric acids. The bed volume for the chloride column was 11 ml 
(1 cm diameter x 14 cm) and for the nitrate column was 6 ml 
(0.6 cm diameter x 20 cm).
A solution of 236U yield tracer, with a specific activity 
of 11.27 dpm/ml, was prepared from an enriched 236U308 ore 
provided by Oak Ridge National Laboratory (Batch 2 01DR2). This 
tracer was standardized against a uranium solution prepared 
from the digestion of a U308 standard reference material 
supplied by the National Bureau of Standards (NBS SRM 950B).
The iron carrier solution, consisting of 10 mg Fe+3/ml, 
was prepared by dissolving FeCl3x6H20 in 2M HCL and then 
filtering through a 0.45 /zm Nuclepore membrane filter.
For more information on the preparation of ion exchange 
columns and the calibration of the 236U tracer, please see 
Appendix A.
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Equipment
An Ace Glass model 7829 UV oxidation platform, with a 700 
watt mercury vapor lamp, was used for the oxidation of the 
organic material. Organic free water, circulating through a 
quartz cooling jacket around the lamp, prevented the samples 
from boiling.
Counting of the samples was by alpha spectroscopy using 
two EG&G model 576 alpha spectrometers, a Tracer Northern 
model 1247 four input multiplexor router, and a Tracer 
Northern model 7200 2000 channel analyzer. Data output was via 
a microcomputer.
Electroplating was carried out in teflon plating cells as 
described by Anderson and Fleer (1982).
An Oceanography International total carbon analyzer was 
used for the determination of dissolved organic carbon.
An Amicon Model TCF10 thin-channel ultrafiltration cell 
and Amicon Diaflo membranes XM100, PM30, YM10, YM05, and YM01, 
with nominal molecular weight (NMW) cutoff points of 100,000,
30,000, 10,000, 5,000 and 1,000, respectively, were used for 
size fractionation.
Methods
Surface water samples were collected from the North 
Atlantic Ocean, Chesapeake Bay, James River, and Rameshorne 
Lagoon. Station locations are shown in Figure 5.1 and 5.2.
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Samples were collected and filtered through an in-line 0.45 /xm 
Gelman filter using a peristaltic pump. Colloidal samples were 
further filtered through a Amicon Diaflo YM01 membrane, with 
a nominal molecular weight (NMW) cutoff of 1,000. Both 
dissolved and colloidal samples were then analyzed by the 
method described in Chapter 2. Briefly, Chelex-238U uranium 
(inorganic uranium) was determined by passing a sample at pH 
4 through a Chelex-100 column also adjusted to pH 4. The 
Chelex-238U uranium was eluted from the column with 6M HCL. For 
Pe-238!} uranium (iron hydroxide coprecipitation) , the method of 
Ku et al (1977) was employed. The sample was treated with an 
iron carrier and precipitated by increasing the pH to > 9 with 
concentrated NH4OH. UV-238U uranium (Total uranium) was 
determined by exposing the sample to UV radiation for 7 hours 
in the presence of hydrogen peroxide, and the precipitating 
the uranium with iron hydroxide. After preconcentration, all 
samples were passed through AGlx8 anion exchange columns in 
the chloride and nitrate forms to remove interfering cations 
and anions. The purified uranium samples were then 
electroplated onto silver disks and the activity of the 
isotopes measured by alpha spectroscopy. Organic uranium was 
determined by taking the difference between the Chelex-238U and 
the UV-B8U uranium concentrations.
The concentration of dissolved organic carbon (D.O.C.) 
was determined by the persulfate oxidation method of Menzel 
and Vaccaro (1964).
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5.4 Results and Discussion
The absorption of uranium onto the ultrafiltration 
membranes was tested and the results shown in Table 5.1. An 
artificial seawater solution was spiked with 5.04 dpm of 238U 
tracer and the solution filtered through a variety of Diaflo 
membranes constructed of different materials and having 
different pore sizes. The uranium was then determined by the 
iron hydroxide coprecipitation method of Ku et al (1977). The 
recoveries ranged from 96 to 104 percent of the M8U tracer, 
with an average recovery of 98 percent. The average 238U 
recovered after ultrafiltration of 4.96 +/- 0.16 dpm was 
statistically similar to that of 4.86 +/- .08 dpm obtained by 
iron hydroxide coprecipitation alone. Since the recoveries
with and without ultrafiltration are similar, the absorption
of uranium onto the membranes is negligible and can therefore 
be ignored. The absorption also seems to be independent of 
both membrane composition and pore size, since similar results 
were obtained with a variety of Diaflo membranes.
The concentration of Chelex-238U, UV-238U, Fe-238U, and
Organic uranium in the filtrates of a surface sample from the 
mouth of the Chesapeake Bay which were passed through 0.45 /zm, 
YM10, YM05, and YM01 filters is shown in Table 5.2 and Figure
5.1. All four types of uranium contained some colloidal
uranium, with 24 percent of the UV-238U and Fe-238U uranium 
concentrations present in the colloidal form. Chelex-238U 
uranium contained slightly less, with only 15 percent being
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present in the colloidal form, while organic uranium had more 
then 75 percent. The majority of UV-238U and organic colloidal 
uranium was present between the 10,000 and 5,000 NMW cutoffs, 
while the majority of Fe-238U uranium was found in the NMW 
cutoff greater then 10,000. Most of the chelex colloidal 
uranium was present between 5,000 and 1,000 NMW cutoffs. These 
differences in size distribution between the Chelex-238U, UV- 
^U, and Fe-^U colloidal uranium fractions may explain the 
different recoveries noted for the dissolved fractions. Since 
only the UV-238U fraction had significant recoveries in the
5.000 to 10,000 size range, the colloidal uranium present in 
this size range was probably not measured by either the Fe-238U 
or Chelex-238U uranium methods. Fe-238U uranium tends to be 
higher then Chelex-238!! uranium due to the recovery of 
colloidal uranium greater then 10,000 NMW by the Fe-238U 
uranium method, but not by the Chelex-238U uranium method. 
Thus, the higher recoveries observed in coastal water for the 
UV-23̂  uranium method may be due to this method measuring the 
uranium associated with colloidal material in the 5,000 to
10.000 NMW size range.
The concentration of Chelex-238U, UV-238U, Fe-238U and
organic uranium in the filtrate of surface samples from the 
James River, Chesapeake Bay, North Atlantic, and Ramshornes 
Lagoon which were passed through 0.45 /m and YM01 filters are 
shown in Table 5.3. The colloidal concentrations represent the 
uranium concentration in the sample after ultrafiltration. By
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taking the difference between the 0.45 fxm filtered and the 
YMOl filtered, the concentration of the fraction retained by 
the ultrafilter can be determined. The retained fraction is 
designated the high molecular weight (HMW) fraction, and the 
fraction that passed through the 1,000 NMW filter is the low 
molecular weight fraction (LMW).
The river water stations generally contained the highest 
concentration of uranium in the HMW fraction, ranging from a 
low of 10% for Chelex-238U uranium to a high of 60% for organic 
uranium. Since Chelex-238U uranium represents inorganic 
uranium, the occurrence of inorganic colloidal uranium is 
reported here for the first time. In river waters, the 
concentration of inorganic colloidal uranium ranged from 9.5 
to 39 percent of the total inorganic uranium. Organic uranium 
in river water was dominated by the formation of HMW compound, 
while the three other fractions were composed mostly of LMW 
compounds. The percent of colloidal uranium in the HMW 
fraction tended to increase with decreasing salinity. The 
Chesapeake Bay samples generally had a smaller fraction of 
uranium in the HMW fraction then the river water, although one 
station had almost 56% of the total organic uranium in the 
colloidal form. The colloidal concentrations appeared to be 
more random in the Bay then was observed for the river 
samples, with no definitive relationship to salinity observed. 
In open ocean water, no statically significant concentrations 
of colloidal uranium were observed, with the concentration of
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colloidal uranium never being greater then 4 percent of the 
total uranium fraction. The observed decrease in HMW colloidal 
uranium with increasing salinity is similar to that observed 
in other estuaries (Brown, 1975; Wheeler, 1976; Carlson et al, 
1985) . This loss of HMW molecules has been attributed to their 
flocculation and removal during estuarine mixing (Brown, 1976; 
Carlson et al, 1985). This would explain the absence of any
significant quantities of HMW uranium in the open ocean and
the variability seen in the surface waters of the Chesapeake 
Bay. The HMW uranium formed in the rivers is removed in the 
estuarine environment before it reaches the ocean.
The lagoon sample produced results similar to that 
obtained for Station 3 of the river samples, with HMW
fractions ranging from 23 percent for the Chelex-238U uranium
to 41 percent for the Organic uranium, even though the 
salinity was as high as that found in the open ocean samples. 
The occurrence of HMW uranium in the presence of high salinity 
lagoon waters may indicate the importance of flocculation 
during estuarine mixing for the removal of colloidal uranium.
Although the existence of organic and inorganic colloidal 
uranium is presented here for the first time, the occurrence 
of colloidal uranium has been reported previously by Sigleo 
and Helz (1981) . Using a Diaflo UM02 filter with a NMW of
2,000, the concentration of uranium in the Patuxent river was 
determined by neutron activation analysis. They reported 
colloidal uranium concentration ranging from undetectable in
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the Chesapeake Bay to 72 percent of the total uranium present 
in the headwaters of the Patuxent river. Although different 
methods and membrane sizes were used, the results presented 
here are in fairly good agreement. If we use the colloidal 
uranium present in the uv-238!! fraction for comparison, our 
colloidal concentrations ranged from 44 percent in the James 
River to 11 percent in the Chesapeake Bay, well within the 
range presented by Sigleo and Helz (1981).
5.5 Conclusions
In Chesapeake Bay surface waters, UV-238U uranium was 
found to remove the colloidal uranium present in the 5,000 to
10,000 and > 10,000 NMW size range, while Fe-238U uranium 
removed predominately the > 10,000 NMW size range. Chelex-238U 
uranium did not significantly remove any uranium in either of 
these size ranges.
Chelex-238U, UV-238U, Fe-238U, and organic colloidal uranium 
was detected in river, estuarine and lagoonal waters, but not 
in open ocean waters. High molecular weight (HMW) organic 
colloidal uranium made up the majority (> 50%) of the organic 
uranium present in river water, while the other three 
fractions were dominated by low molecular weigh (LMW) 
fractions. Inorganic colloidal uranium was reported here for 
the first time, accounting for greater than 10% of the total 
inorganic uranium. The concentration of colloidal uranium 
decreased with increasing salinity for all four fractions,
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becoming undetectable in seawater. This decrease is may be due 
to the flocculation of the HMW colloidal during estuarine 
mixing.
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Figure 5.1 Surface water collection stations
for ultrafiltration in the Chesapeake Bay.
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CHESAPEAKE BAY
STATION LOCATIONS
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Figure 5.2 Surface water collection stations
for ultrafiltration in the North Atlantic.
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Table 5.1 The absorption of 238U onto different 
Amicon ultrafilter from an artificial seawater 
solution.
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Table 5.2 The concentration o f Chelex, UV-Fe, Feppt, and Organic uranium  
in the fractions o f Chesapeake Bay Esturine Surface W ater
Filter Salinity Chelex U UV-Fe U Feppt U Org. U
(PPt) (dpm/1) (dpm/I) (dpm/1) (dpm/1)
0.45 um 19.45 1.23 1.44 1.37 0.21
YM 10 19.45 1.20 1.37 1.19 0.17
YM 05 19.45 1.16 1.17 1.12 0.01

















Table 53 The concentration of Chelex-238U, UV-238U,Fe-238U, and Organic-238U in 
the fractions of river, esturinc, lagoon, and sea water.
0.45 uni Filtered Y M  01 Filtered Diff. in Col. and 0.45 um Species Cone.
Col.* Col.* Col.* Col * -------------------------------
Station Salinity D.O.C. Chix-238 UV-238U Fe-238U Org-238 Chix-238 UV-238U Fe-238U Org-23 Chlx-238 UV-238U Fe-238U Org-238U
(ppt) (mg/1) (dpm/I) (dpm/1) (dpm/I) (dpm/1) (dpm/1) (dpm/1) (dpm/1) (dpm/1) (%) (%) (%) (%)
O '
' j
River Surface Stations 
Stn.l 18.50 4.40 0.95 1.28 1.20 0.33 0.86 1.01 0.85 0.15 9.5% 21.1% 29.2% 54.5%
Stn.2 12.06 4.72 0.60 0.85 0.66 0.25 0.50 0.60 0.57 0.10 16.7% 29.4% 13.6% 60.0%
Stn3 5.19 4.78 0.18 0.25 0.22 0.07 0.11 0.14 0.13 0.03 38.9% 44.0% 40.9% 57.1%
Estruine Surface Stations 
7070 18.87 4.23 0.92 1.22 1.17 0J0 0.83 1.09 0.83 0.26 9.8% 10.7% 29.1% 13.3%
744A 13.38 4.41 0.52 0.95 0.64 0.43 0.48 0.67 0.59 0.19 7.7% 29.5% 7.8% 55.8%
804C 12.55 4.14 0.56 0.81 0.66 0.25 0.42 0.67 0.58 0.25 25.0% 17.3% 12.1% -0.0%
North Atlantic Surface Water
Stn.12 36.57 0.65 2.21 2.26 2.29 0.05 2.18 2.25 2.25 0.07 1.4% 0.4% 1.7% N.A.
Stn.13 36.04 0.69 2.02 2.08 2.11 .0.06 2.05 2.03 2.09 -0.02 -1.5% 2.4% 0.9% N.A.
Stn.l 34.25 0.75 2.01 2.02 2.01 0.01 2.00 1.96 1.94 -0.04 0.5% 3.0% 3.5% N.A.
Ramshoorne Lagoon Surface Sample 
Stn. A 32.46 5.01 2.02 2.90 2.12 0.88 1.48 2.00 1.63 0.52 26.7% 31.0% 23.1% 40.9%
Figure 5.3 Concentration of Chelex-238U, UV-238U, 
Fe-238U, and Organic-238U in different fractions 
in surface waters of the Chesapeake Bay.
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Chapter 6: General Conclusions
Two methods for the preconcentration of dissolved 
uranium, iron hydroxide coprecipitation (Fe-238U) and ion 
exchange chromatography using Chelex-100 at pH 4 (Chelex-238U) , 
were applied to a variety of natural environments and the 
results compared. The results were indistinguishable for a 
pure solution containing only inorganic uranium and for 
samples of open ocean water. However, in coastal marine 
waters, the concentration of Fe-238!! was significantly higher 
then that of Chelex-238U, with the concentration ratio of Fe-238U 
to Chelex-238U being as high as 1.27. These results supported 
the fact that Chelex-238U will preconcentrate only inorganic 
and weakly bound uranium (Chapter 2) , whereas Fe-238!; 
preconcentrates not only inorganic, but a fraction of the 
organic uranium present as well (Chapter 2) . The concentration 
of Fe-238U was further increased by first exposing the sample 
to UV radiation to oxidize the organic uranium present. By 
taking the difference between the Chelex-238U and UV-238U, the 
concentration of organic uranium was determined. The uv-238U 
concentration was similar to that of Chelex-238U and Fe-238U in 
the open ocean, but consistently gave higher values in coastal 
regions with high D.O.C concentrations. The uv-238U to Chelex- 
238U ratios in coastal waters were as high as 1.83. The 
majority of previously published data was for Fe-238U and 
Chelex-238U (Chapter3) . In open ocean water, these two methods
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represent the total uranium present, and can be used 
interchangeably. However, in coastal waters with high D.O.C. 
concentration, these methods do not represent the total 
concentration of uranium present. This difference may explain 
some of the non-conservative behavior that has been reported 
for certain coastal environments.
By applying the above mentioned method for the 
determination of organic uranium to a variety of natural 
environments, the occurrence and distribution of organic 
uranium was determined. No statistically significant 
concentrations of organic uranium were found horizontally or 
vertically in the open ocean. Organic uranium was found in 
river and estuarine waters, as well as lagoonal water. Organic 
uranium (as % of the total) values ranged from 25 to 45% for 
the coastal waters sampled. When plotted against D.O.C., a 
good correlation of 0.81 was obtained, indicating that the 
formation of organic uranium may be dependent on the 
availability of organic ligands. The concentration of organic 
uranium was found to decrease with depth in the Chesapeake 
Bay, becoming undetectable below 10 meters. The shape of the 
profiles was similar in both the winter and summer seasons, 
with the surface concentrations actually being larger in the 
winter. This, and the fact that organic uranium is absent in 
the open oceans, suggests that organic uranium may not be 
biologically mediated. The observed distribution in the 
estuarine system would suggest dilution of the organic uranium
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rich river water with the organic uranium poor sea water. 
However, when organic uranium was plotted versus salinity, a 
non-conservative relationship was observed. More data needs to 
be obtained before a definitive mechanism can be hypothesized.
As with organic uranium, colloidal uranium was found in 
significant quantities in coastal waters, but not in seawater. 
UV-238U tended to remove colloidal uranium in the 5,000 to 
10,000 and > 10,000 NMW size range, while Fe-238U removed 
uranium predominately from the > 10,000 NMW size range.
Chelex-238U did not significantly remove any uranium in these 
size ranges. The concentration of colloidal organic uranium in 
river water was primarily associated with high molecular 
weight (HMW) molecules, while the other three fractions were 
composed mostly of low molecular weight (LMW) molecules. The 
concentration of colloidal uranium was found to decrease with 
increasing salinity for all four fractions. This decrease is 
probably due to the flocculation of HMW colloidal compounds 
during estuarine mixing processes.
Ill
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Chapter 7: Possible Future Considerations
Although the distribution of uranium has been studied 
extensively over the past two decades, the speciation of 
uranium has received limited attention. This may be due to the 
assumption that uranium only exists in the inorganic form. 
This work has shown that uranium does exist in the organic 
and/or colloidal form, at least in the river and estuarine 
systems studied. Speciation studies of uranium need to be 
expanded to other locations and other systems. Larger river 
systems, such as the Amazon and the Mississippi, need to be 
studied to see if organic uranium is present, and what effect 
it has on our determination of the world wide river 
concentration of uranium. Other systems, such as the Black 
Sea, also warrant investigation, to determine if the existence 
of organic uranium is limited to only oxic systems. Studying 
these systems may give us a better understanding of the 
geochemical cycle of uranium, and how the occurrence organic 
uranium effects that system.
Since increasing the concentration of uranium in the 
rivers will also increase the input to the oceans, a better 
understanding of the sinks for uranium are needed. As it 
stands now, only about half of the uranium entering the ocean 
can be accounted for by the traditional sinks. A larger input 
will cause a greater emphasis to be placed on finding new 
sinks and re-evaluating the capacity of existing sinks to
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remove uranium from the marine system.
The reporting of non-conservative behavior in esturine 
systems needs to be re-evaluated in light of data reported in 
this work. The loss of uranium reported in certain estuarine 
systems may be due to the inability of the Fe-23̂  method to 
measure the total amount of uranium present, especially in 
area of high D.O.C. concentrations. By measuring the total 
amount of uranium present in these systems, a more accurate 
picture of the geochemical distribution of uranium may be 
obtained.
Further studies are also needed to identify the type of 
organic compounds that are associated with organic uranium. 
Akiyma (1973) has shown that iron hydroxide coprecipitation 
preferentially concentrates proteins and carbohydrates, since 
these compounds can be removed by iron hydroxide. By 
determining the orgaincs that bind to uranium, it may be 
possible to more accurately determine the residence time for 
organic uranium in coastal systems. How uranium is associated 
with these organic compounds is also important. Uranium may 
absorb directly onto the organic molecule, or it may first 
complex with a metal, such as iron, which in turn is absorbed 
onto the organic molecule.
Colloidal uranium was found in significant concentration 
in river, lagoonal, and estuarine systems. However, this work 
was limited to filtration through a Diaflo YM01 membrane. 
Using filters of different size ranges would give a better
113
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understanding of how the different fractions of uranium are 
distributed. The use of hollow fiber filters may allow the 
processing of larger volumes of water in a much shorter time 
period, so more size fractions can be studied. Inorganic 
colloidal uranium was reported here for the first time. Since 
Chelex-100 does not retain strongly bound elements, inorganic 
colloidal uranium may be represent uranium bound to clays, 
rather then to humic or fluvic material. By determining how 
and why colloidal uranium forms, a much better understanding 
of its influence on the geochemistry of uranium can be 
determined.
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Appendix A
A list of chemicals and the preparation of the Chelex 100 
and AGlx8 ion exchange columns for the determination of 
organic uranium is listed below. The calibration and 
standardization of the a6U and “'U tracers is also described.
Chemicals
2M ammonium chloride at pH 2. Transfer 107 gm of ammonium 
chloride and 500 ml of de-ionized water to a 1 liter 
volumetric flask. Swirl the solution until all the solid has 
dissolved. Adjust the pH of the solution to 2 by adding 6M HCL 
and then 0.1M HCL dropwise to the solution. Dilute to volume 
with de-ionized water.
Fe*3 carrier solution (10 mg Fe+3/ml). Transfer 12.1 gm of FeCl3 
x 6H20 to a 250 ml volumetric flask. Add 200 ml of 2M HCl and 
swirl the solution until the solid has dissolved. Dilute to 
mark with 2M HCl. Filter the solution through a 0.2 urn 
nuclepore membrane filter to remove suspended material.
Ion Exchange Resins 
Chelex-100 ion exchange resin. Transfer an appropriate amount 
of dry resin (approx. 30 gm) to a large beaker. Add de-ionized
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water to cover the resin. Gently swirl the mixture. Allow the 
resin to settle and decant off the supernatant liquid. Repeat 
the process with de-ionized water, 1M HCL, de-ionized water, 
1M NaOH, and finally with de-ionized water. Wash the resin 
with O.lmM HCl until the pH of the supernatant remains at pH 
4. Fill an ion exchange column with enough wet resin to give 
a bed volume of 5 ml (0.6 cm x 17 cm). Store the remaining 
resin in O.lmM HCl.
AG1 x 8 anion exchange columns.
Preparation of resin: Transfer an appropriate amount of dry 
resin (approx. 30 gm) to a large beaker. Add de-ionized water 
to cover the resin. Swirl the mixture to wash the fines from 
the resin. Allow the resin to settle and decant off the 
supernatant liquid. Repeat the process with de-ionized water, 
1M HCL, de-ionized water, 1M NaOH, and finally with de-ionized 
water.
AGlx8 in Chloride form: Fill an ion exchange column with
enough wet resin to give a bed volume of 11 ml (1cm x 14 cm). 
Pass 3-5 bed volumes of 1M HCL and then 3 bed volumes of 9.6M 
HCl through the column. The column is now read for the 
samples.
AGlx8 in Nitrate form: Fill an ion exchange column with enough 
wet resin to give a bed volume of 6 ml (0.6cm x 20 cm). Pass 
3-5 bed volumes of 1M HN03 and then 3 bed volumes of 8M HN03
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through the column. The column is now ready for the samples.
Dilution of Standard.
PI standard: Dissolve about 1 gram of NBS SRM 95OB uranium
oxide ore in 6M hydrochloric acid in a 500 ml volumetric
flask. Dilute to volume with 6M HCL.
P2 standard: Pipette 10 ml of PI solution into a 500 ml
volumetric flask. Dilute to volume with 6M HCl.
Dilution of 236U Standard 
PI standard: Dissolve 0.1 g of 236U uranium oxide in 6M HCl in 
a 500 ml volumetric flask. Dilute to volume with 6M HCl 
P2 standard: Pipette 10 ml of the PI solution into a 100 ml 
volumetric flask. Dilute to volume with 6M HCl.
P3 standard: Pipette 5 ml of the P2 solution to a 1000 ml 
volumetric flask. Dilute to volume with 6M HCl.
Calibration and Standardization
The uranium standard solution is prepared from a uranium 
oxide ore supplied by the National Bureau of Standards as NBS 
SRM 950b. A known volume (about 1 ml) of this solution 
containing 25 dpm of 238U is plated and its isotopic 
composition and background activity in the energy region of 
the alpha particles emitted by the 236U is analyzed by alpha 
spectrometry. The concentration of the 236U yield tracer is 
calibrated relative to the NBS SRM ^U. A known volume (1 ml)
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containing 10-22 dpm of H6U is plated by itself. Another 1 ml 
aliquot is of the 236U standard is co-plated with a known 
volume of the ^gU standard solution. The isotopic composition 
of both plates is then determined by alpha spectrometry. The 
concentration of the 238U and 234U in the samples are calculated 
relative to the concentration of the 236U yield tracer.
Calibration and Standardization of 236U Yield Trace
Raw Data:
Cone, of uranium in standard solution (NBS SRM 950b) - C(s) 
g/ml
Purity of NBS SRM - 99.968 +/- 0.020 %
Molecular weight of U308 - 842.09 
Avogadro's number - 6 . 0 2 3 x 1023
Natural percent of isotopic abundance of uranium 238U:236U:234U = 
99.274:0.725:0.0056 (atomic ratios)
238U decay constant - 2.924 x 10‘16 min-1
Area of 238U per counting time for 238U standard - A(8s)
Corresponding area of 23SU for 238U standard - A(6s)
Volume of 236U solution plated - V(6)
Area of 238U per counting time for 235U standard - A(8') 
Corresponding area of 234U for 236U standard - A(4') 
Corresponding area of 236U for 236U standard - A(6')
Volumes of standard 238U and 236U solutions co-plated - V(8M), 
V(6")
Area of 238U per counting time for co-plated solution - A (8") 
Corresponding 236U area for co-plated solution - A (6")
Calculations:
Cone, of 238U in the standard solution in dpm/ml 
C(8s) =  [C(s) X 0.99968 X  3 X  6.023 X  1023 X 0.99274 X  2.924 X  
10'16] /842 . 09 = 25.44 dpm/ml
Ratio of 236U and 238U areas in standard 238U solution 
R(6s) = A(6s)/A(8s) = 0.059
Ratio of 236U and 238U areas in standard 236U solution 
R(81) = A(8')/A(6') = 0.031
Ratio of 234U and 238U areas in standard 236U solution 
R(4') = A (4') / A (6') = 0.13
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If the areas in the and 236U in the mixture that are due to 
the 238U and the standard solutions are A(8*) and A(6*), 
then,
A (611) = A(6*) + 0.059 A(8*) ; and 
A (8") = A(8*) + 0.031 A(6*); therefore,
A(8*) = [A(8") - 0.031 A(6")]/[l - (0.031)(0.059)]
= [A(8") - 0.031 A(6")]/(0.998171)
A(6*) = A (6") - 0.059 A(8*)
Concentration of 236U solution in dpm/ml 
C(6) = [A(6*)/A(8*)] X C(8s) X V(8")/V(6")
Determination of Uranium in an Unknown Sample
Raw Data:
Volume of unknown sample in liters - V(s)
Volume of M6U yield tracer added in ml - V(y)
Area of 238U per counting time in sample - A(8u)
Corresponding area of 234U - A(4u)
Corresponding area of 236U - A(6u)
Atomic mass of 238U - 238.05
Atomic mass of 234U - 234.04
Decay constant of 234U - 5.318 x 10‘12 min-1
Decay constant of 238U - 2.924 x 10'16 min-1
Concentration of 236U solution in dpm/ml - C(6)
Calculation of concentration in unknown sample:
Let the areas in the regions of 238U, 234U, and 236U in the
unknown sample be due to the 238U and 234U in the sample, and the
236U in the yield tracer and be A (8), A (4) , and A (6) , then,
A (6u) = A (6) + 0.059 A(8); and 
A(8u) = A (8) + 0.031 A(6); and 
A(4u) = A (4) + 0.13 A(6); therefore,
A(8) = [A(8u) - 0.031 A (6u)]/[1 - (0.031) (0.059)]
= [A(8u) - 0.031 A(6u)]/0.998171
A (4) = [A(4u) - 0.13 A(6u)]/[1 - (0.13)(0.059)]
= [A(4u) - 0.13 A(6u)]/0.99233
A(6) = A (6u) - 0.059 A(8)
Concentration of 238U in the sample in dpm/1 
C (8) = {[A(8) / A (6)] x (V(y) x C(6)3} / V(s)
Concentration of 234U in the Sample in dpm/1 
C(4) = {[A(4) / A(6)] x [V(y) x C(6)3> / V(s)
Concentration of 238U in the sample in ug/1 or ppb
W(8) = [C(8) X 2 3 8 . 05 X 106] / [2.924 X 10‘16 X  6.023 X 1023]
= 1.3517 C (8)
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Concentration of “ U in the sample in ug/1 or ppb
W(4) = [C(4) X  234.04 X  106] / [5.318 X  1012 X  6.023 X  1023]
= 7.3068 X  10‘5 C(4)
Concentration of uranium in the sample in ug/1 or ppb 
W(u) = W(8) + W(5) + W(4)
W(5) is the concentration of M5U in the sample in ug/1 or ppb
Since W(5) and W(4) in natural samples are negligibly small, 
W(u) = W(8)
Activity ratio of 234U to in the sample 
R(u) = C(4)/C(8)
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